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that the 438 x 390 would do even better. An artillery launched TV system

is easily within the state of the art. Winds over the target area would in-

crease caimera coverage but must be taken into accuit when it is desired

to deploy the system over specific target coordinatel.
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SECTION 1

INTRODUC TION

Thiq work was conducted under the US Army Land Warfare Laboratory
Task 04-E-74 titled "Artillery Launched TV'. The objective of the effort
was to drnonstrate some of the capabilities and limitations of a charge
coupled device (CCD) television camera as it mr•ight be used in an artillery-
launched, parachtt- -dropped, aerial reconnaissance system.

At the request of the Office of the Chief of Research & Development, the
L , ... . ., h as undertaker, a p o . . u u , ^, i g hardw are ar-' -- m_•on -

st~rate some of the advantages and lim~itations of such an artillery-launched

TV system. The program consisted of two portion,;: the actual demonstra-
tion of existing hardware and a f;rst-order analysis of how future systems
might perform. A 4-month contract for the fabrication of the hardware arid
the analysis was awarded to Fairchild Space and Defense Systems, a division
of Fairchild Camera and Instrument Corporation, Syosset, New York, under
Contract No. DAAD05-74-C-0732.

Section 2 of this report, reporting on the hardware tests, was prepared by
USALWL. Section 3, presenting the system analysis, was prepared by
Fairchild.

"¾
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SECTION 2

CAMEIRA HA.RI)WA RE AND -ii : tSTs

2. 1 S'YSTEMCONCEPT

The concept as displayed in Figure 1 is to use a TV camera in a fashion
similar to the conventional artillery illuminating round. However, in-
stead of having an illumninant which burns and emits light, this illurninant
would be replaced with a CCD TV camera, a 'battery, a transmitter and
an antenna, The artillery, from its normal position, would fire this artil-
lery-launched TV rournd over enemy territory. At the proper time, as de-
termined by the fuze on the projectile, the TV package and its parachute
would be deployed from the rear of the projectile and float to earth. The
now em-rpty projectile would continue on its trajectory. The TV camera,
pointed downwards, would transrnit pictures of the ground via a suitable
telemetry link, back to a base station. Upon striking the ground or at a
g~iven time after deploying, the TV unit would self-destruct in order to
free the airways and to prevent enemy utilization of the system. At the
base sta:ion, the received signals would be ,nonitored on a real time TV
display a'id recorded on a video tape recorder havinrg tStop-act4.on capability
for late" play back, photography and Lnalysis. The telemetry link requires
near lin.. of sight conditions but this should not adversely affect s-,stem capa--
bility and performance.

it is proposed that this system can be der•!oyed in ?he M48512, 155 milli-
meter illuminating ro.uwud. Figure . .,ows how the systemn cotuld be pack -

aged iii this ro~und. The illuininatnt Cafnistt xveUld be replat ed wit~h a CCI)
TV camera, battery, and RF transmitte r canister which is 4-1/4" in cia-

nieter x 7- 5/8"' Jong. A photogratph of a mock up of the proposed package

is shownvi in Figure 3.

2,2 11;ESCRIPITION OF" IHARLWARI-,

The hardware pcliion of the prograri was fabricated by ,''air hiild iiskng their

exist-wg 100(.1 eriier1t: b~y 10) k-element Model NI V- 100 ((Il) 'I \ calmera and c-ir-

cuits. The existing circuit boards were repak kaged into the icsmallest co-yvenr-

lent (-)ntUiiner )see Figure 4A), provided with A(G(, and plower ( ircuits, ancl

u~sed t) d nyc .--n existinlg (,OVemnmnen'lt-fLomnIished( I)elsta r M~odel 1PS,- OOF(

tvlevis ion tran synitter. The whole iit was txowered by 24 volts from a bat-
te my ý4 each il-volt Cd-~cells, if) sPrlies) '1r1d Wctýu then patl ksArefd InI a or

I I tit~iii v I r b th IlI~I( untinQ )I a~ fit, I Ik 1()JAC r and /)1- ii iJJh I4 N Ly p rachuilte

(1.'igure 5 A & H).

fhe 1(71) elerIIer1t use( i i fbi'; )I I '1 ,kre1s -i- f,) t el-eIII t . 1P) e ii, - t 1 (11)
.,'m;~a r- rr,'r-e 1 dly . te-s rlrci i t ae ater I se t tI r .I ie Iit - .,suti4ve eletu I'ittI
at€ T ai. 1511 t (l: a .Stat(IA • ii \ 4I tC'lev\'iM~ il i.>i'ii~t \\(r i fe I i ' ii } c• 0 f '• i" ,, \' i[ l }.
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1. Z mils in a vertical direction x 1.6 mils horizontally. Half of the horizon-
tal distance (. 8 mil) of the element is utilized for charge storing. This leaves
an active light-sensitive area of 1. 2 mils x .8 mil. The overall CCD sen-
sor array has dimensions of approximately 3 millimeters x 4 millimeters
and is scanred to yield a TV-cornpatible output; i.e., the 100 horizontal ele-
mr#,ts are read cat in about 53 microseconds, the time needed to read out a
no -izontal line in the standard 525-line TV system. The vertical scan con-
si-ts of a 2 to 1 interlace with a field (half of an interlaced t-ame) rate of
24) per second and a frame rate of 120 per second.

The image is focused on the CCD chip by means of either a 10-millimeter
variable aperture lens or a 12. 5-mm to 75-mm zoom lens. The output of
6ae CCG_ Lhip is then fed through a video automatic gain control (AGC) cir-
cuit before being combined with the required synchronization pulses. The
resulting TV-compatible (with the exception of the 4 times faster verttical
framing rate) signal is available for output as the video input signal to a TV
monitor or the modulation input of a television transmitter. The transmitter
used was a commercially available, channel 14, Delstar Corporation Model
DS500FC. The RF output from the transmitter is fed into a quarter wave
stub antenna. The transmitter-antenna system provides a 475-megahertz,
double side-band, amplitude-modulated output with about 1- 1/2 watts into
the antenna. The signal is presented on a standard Sony TV monitor slightly
modified to accommodate 120 frames per second. Fora hard wire connection
between the TV transmitter package and the TV monitor, the video signal was
used and fed directly to the video amplifier of the monitor. For telemetry
applications, the transmitted RF was received on a log-periodic antenna and
was fed, by way of a matching transformer, into the UHF terminals of the
receiver. In either case, the processed video signals from the TV set were
fed to a Sony Model AV-3400 video tape. recorder. Vocie comments for the
tape recorder wei _ obtained either from a microphone connected to the ,-e-
corder or from the audio output of a separate radio channel.

2. 3 LABORATORY TESTS AND) RESULTS

One set of laboratory tests, conducted with the cooperation of the Visionics
Laboratory of the Night Vision laboratory at Fort Belvoir, Va, consisted of ob-
serving a 1951 Air Force resolution chart with the CCD camera while the
background illurinnati:,n of the chart was va ied in intensity. These tests
\, re performned witl- an f/Z. 0 lens openin.. The resalts indicated that the
irnage is completely washed out at brightness levels of 11.4 ftlarnberts on
the high end and .076 ft-lamnbert on the low end. For the same lens opening,
usable resolution wvas obtained with background intensities ranging from about
7. 7 ft lamuberts on the high side down to . 23 ft-hlaribert on the low side. This
pr,,vides a ý3 to I usable dyna in range for the CCD1) systein. According to
the ,oarn uta turer, the dy aVi ic ranp~e is limited not by the sensors but by the



"on-chip output amplifier, which amplifies the composite video signal.
Future CCD chips will have an improved amplifier that should offer a dy-

. namic range betwem 350 and 1, 000 to 1.

The data obtained from the resolution charts did not produce consistently
smooth plots. In some cases, the expected smooth graph was ohtbined
(i. e., poorer resolution at the saturated and low light level conditions with
better resolution between). In other cases, the resolution was flat across
the entire spectrum from saturation to low light level conditions. In the
vertical scanninig direction, the CCD's sensitive element has a physical
size corresponding to a limiting resolution of 60 microns/line pair. The
limiting resolution obtained from the laboratory data varied from 118 mi-
crons/line pair up to 51 microns/line pair. In the horizontal scan direction,
the light sensitive element ia 20 microns wide (0.8 milli- inch) spaced on 40
micron centers, v hich should provide a resolution of 80 microns /line pair.

The measured resolution in this direction varied from a low of 100 microns
per line pair to a high of 64 microns per line pair. These values for both
the horizontal and vertical resolution correspond fairly well with the resolu-
tion limit as determined by the physical size of the individual detectors.
Notice that a line pair requires two detectors: a black dot on one detector
and a white dot on the adjacent detector.

An attempt was made to determine the spectral response of the CCD detector
using a series of available high pass and leowpass optical filters. Unfortun-
ately the response of the filters is not known in the infrared region wnere the
CCD device is stili sensitive. It was concluded, however, that the CCD is
responsive to acar infrared radiation. This was proven by observing the in-
frared radiation reflected from grass and trees both before and after placing
a visual band-pass filter in front of the camera lens. According to the manu-
facturer, the sensor's peak sensitivity occurs at about .75 micron. The ob-
servers must be trained in the use of this equipment in that the resulting pic-
tures are formed in large part, from invisible, near infrared radiation. The
TV images will not, in genera], conform to the scene as viewed by human eyes.

Several laboratory measurements were made on the comnposite video signal.
The horizontal sync pulses were the standard 64 rnicztosecnnds apart with II
microseconds utilized for the pulses and pedestal. This leaves approximately
53 microsecondh for the horizontal video infermation. This information was
obtained by sampling, in sequence, the 100 silicon detectors on a horizontal
line. The vertical sync pulses occurred at a rate of I everv 4.3 milliseconds
with about 3. 2 milliseconds of this tinie used to sample the r,0 i'nt-rlaced ver-
tical TV lines. During a portion of the test where the CCI) camera was origi-
nally attach•ed to, the helicopter (as discussed below), the ratio of video amnpli-
tude to sync pulse amplitude war too low and resulted in a ]ower -than -optinulwi
contrast as displayed on the TV set. Thit- was corre,-ted fo)r in subsequent

t ests and inuch irnproved pi,,ftir , we e received.
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2.4 FLIGHT TESTS

The CCD camera was operationally tested in two modes: hard mounted to
a UH-IH helicopter, and free-failing either on .ts own parachute or attached
to a parajumper.

The helicopter portion of the test involved rigidly mounting the CCD camera,
Sony TV camera, and a Tektronix light meter on the aircraft so that all units
looked at the ground below the helicopter, as shown in Figure 6.

Video signals from both the CCD and standard TV camera were recorded on
separate video recorders in the aircraft. During the first day of testing, the
video signals from the CCD camera were also transmitted over an LWL

Sdeveloped airborne television system. These signals were recorded on the
ground on a third video tape recorder. Voice information was recorded on
all three tape recorders via a separate radio channel. During the helicopter
tests, the CCD camera used a zoom lens with a focal length set mostly at
12-1 /2 r-ail!rcters focal length.

The procedure for the aircraft-mounti.d test consisted of flying over selected
target areas at seven altitudes so as to provide ground resolution (in the ver-
tical direction on the picture), which varied from 10 feet to 1/10 of a foot.
The two major target areas chosen were the aircraft"boneyard" at the Phill~ps
Army Air Field at Aberdeen Proving Ground and the vehicle "boneyard' on

Spesutie Island at Aberdeen Proving Ground. The airc raft area is shown
in Figure 7 and contains various types of Air Force and Army aircraft along
with engine pac'Ing czates. The vehicle target area (Figure 8) contained
a series of trucks, tanks, jeeps and 105-mm weapons in various states of
disrepair.

The light intensity reflected from the terrain below the aircraft was ineasured
with a Tektronix .J16 photometer using the J6503 illuminance probe. This probe
measured the target luminance in foot-lainberts in an S-degree field of view

directly below the aircraft. The reile,:ted intensity as read on this meter

varied from a low of 200 it-lainbert,- to as high as '700 ft-lamberts. The CCI) 's
lens opening was f/16 for all of the helicopter-mnounted tests.

Next,the CCI) camera was dropped fromn the helicopter with a paratroo)7)er.

The unit was encased in styrofoiam and attac hed to the parachute harness of

the paratrooper. The unit survived these jumps Lind tt lemetered to a ground

station uninteresting pictures of the grass and the airfield runways at Aber-

deen Proving Ground.

I
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Having gained confidence in the survivability of the CCD package,
the unit was then free-dropped from the heliconter. For the free-
drop situation, the 17-pound CCD camera package was rigged as
shown in Figure 9 (except that styrofoam was added and a flexible
cable was connected between th? antenna and transmitter). The
10-millimeter flush-mounted lens ,as used for this test and two
100-inch diameter M485 illuminating round parachutes were at-
tached to the package. The unit was carried to either a 1000-or
2000 ft altitude above the ground and dropped from the helicopter.
The camera then floated to the earth with a drop rate of 15 ft/
sec transmitting its pictures via TV channel 14. On the ground,
the TV receiver monitored these received signals and the video
was recorded. Paradrops were made over the aircraft boneyard at
Aberdeen Proving Ground and over an Engineering Battalion train-
ing area at Fort Sill, Oklahoma. The CCD camera system survived
4 parachute jumps with paratroopers and 9 drops on its own with-
out any ill effects (other than bending and breaking several
antenna ground plane radials).

2.5 FLIGHT TEST RESULTS AND DISCUSSION

Before discussing the results, it is appropriate to describe some
instrumentation problems that affected the quality of the pictures
on the video tape. During the testing, the picture quality as
displayed on the monitor was excellent; however, upon playback,
it was found that the recording technique produced usable but not
the same quality pictures. During playback of the recorded tapes,
the TV set would lose synchronization every few seconds causing
the pictures to "tear" horizontally. On stop-action playback,
unsynchronized lines would interfere with picture quality. The
cause of this trouble appears to be the non-synchronization of
the 120 frame-per-second video being recorded on the video re-
corder designed for 30 frames-per-second. The solution to this
problem was not investigated.

A second problem occurred in attempting to photcgraph the played-
back images from the monitor using conventional, still, film
cameras. The tearing problems, mentioned above during stop-action
prevented single video frame photography from being made. When
the TV monitor was viewed visually, the eye integration reduces
the effect of noise and increases resolution. The subject ive
impression when viewing moving scene,; is of very good quality
imagery. Photographs were finally produced using a still camera
and 3000 ASA Polaroid f I! m at 1/SO second,

The etfect of the two problems mientionied above, plus the diffi-
cuity of' matching gryv scales on the TV and Polaroid film, re-
sults in the pictures ftcr lli report depict inv a lesser quality
of image than received on the TV mon i tor . TIhe reader should bear
in mind that the dispiaYed i:ia'g is fal superior to those shown
Sin this report. [or the pjmrpose of presenting an apprWx imati'n

of better image quality to the j'eI.A'ders of this reuort , a 100 by
1010 1('i) ca-lmera Was, us-ed to ,canll the photogralphs jreenitecd ill

i1'
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Figures 7 and 8. Polaroid photographs were then made directly
from the TV monitor (i.e., without the tape recorder) of this
"simulated" data. The subjects chosen and the fields of view
used correspond to the actual video tape imagery obtained during
the field tests.

Polaroid photographs of some of the tape-recorded video signals
and the simulated data are shown in Figures 10 and 11. Figure
10 shows a sequence of photographs as the vehicle area of Figure
8 was overflown at various altitudes with the CCD package at-
tached to the helicopter. Calculated ground resolutions (in the
vertical direction on the photograph) of 10', 5', 2', 1*, 0.5'
and 0.25' are shown. The first four images were produced with
the [2.5 mm focal length lens set at f/16 to provide 12.30 ver-
ticaJ field-of-view. The last two images were recorded with a
20mm focal-length lens (8.3* field-of-view) also at f/16. This
series of photographs show how the image definition improves as
the ground resolution improves. The vehicles are detectable ;n
Figure 10 with a 10-foot resolution, begin to be recognized with
a 2-foot resolution (much more so in viewing the TV monitor
rather than the photograph), and start to become identifiable with
1/2 foot resolution.

It should be pointed out that the total field of view for this
100 x 100 element sensor is related to t.he resolution quoted by
a factor of 100 in the vertical direction and 133 in the hori-
zontal direction. Thus, the 1 foot resolution provides a 100-
foot x 133--foot total field of view.

Figure 11 shows sample views obtained when the CCD camera package
was para-dropped over the aircraft boneyard area of Figure 7.
The two photographs were taken from the monitor a few seconds
apart corresponding to a CCD camera altitude of about 1SOO feet
above the ground. The camera used a 10 mm, f/22 lens which pro-
vided vertical resolution of 4.5 feet. The aircraft of Figure
11A were directly below the parachute and are clearly distinguish-
able from the buildings. Figure 1iB was taken while the CCD cam--
,ra package was swinging about the view of Figure 1lA, This
demonstrates the increased field-of-view obtained from the oscil-
lation of the camera under the parachute.

The swinging and rotation of the parachute did not produce objec-
tionable pictures. The maxiimum side-to-side swing obtained during
these te:,ts was in the order of 20 degrees with a peak,-to-peak
period of several seconds. This swinging provided an increased
field of view foir the sensor without significant smearing. The
CCI) camera rotýations obtained during these tests resulted from
the aerodynramic spin of the camera when dropped front the air-
craft and before the parachute deployed. The wo':St remaining
rotation rates were about 1/2 revolution per second and were the
only annoying portion of the resulting imagery. These fast os-
cilia,_ions occurred on only one or two of the parachute dropsand then for oni , sn.,ali portion of the descent.

18



10 A. Vehicle boneyard with a 10 foot verticle ground resolution
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10 E. Vehicle bonýýyard with a 1/2 foot ,-~r'-icle grounid reFolution

Ve'&lll 1E Il\,r %ýItll 11 11/4 ftO V('1I. h'c~Ih O~~iti



r * ~ ~- - - -------. - .

10 G. Simulated data, vehicle boneyard with a 4 foot verticle ground
resolution
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10 1. Simulated (data. Veliincl bo loeyard wi th a I loot V-r't tcle gfro-imd
re-,Iolut jOTI1.



11 A. Teleirieterd data with the camera looking straight down.
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11 C. Simulated image of Figure 11 A
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These tests demonstrated the improved picture resolution as the
CCD camera comes closer to earth. The fixed field of view at
higher altitudes allows a larger area of terrain to be seen but
with poor resolution. This larger area contains a large number
of terrain features which increase the chances of locating the
position of the imagery. As the camera falls, the resolution
improves but the total area of view becomes smaller. The better
resclution allows better detection, recognition and identification
of targets.

Deploying the CCD camera over a selected target area was a diffi-
cult tasx. For the nine helicopter drops in two different loca-
tions on two different days, there appeared to be a great differ-
ence between the wind at ground level and the wind aloft. The
helicopter pilots were not able to position the helicopter and/
or predict the wind accurately enough to allow two successive
paradrops over the same path. The result was that a good survey
of the area under the helicopter was obtained, but it would have
been impossible to obtain a second drop to provide greater de-
tail of some picture taken on a previous drop. It required
approximately 10 to 20 minutes between paradrops for the heli-
copter to pick up the camera package and regain altitude for the
next drop. For the weapon deployed system, a faster deployment
rate could be utilized and the initial precision of deploying the
CCD camera would be more closely controlled than could the heli-
copter-deployed camera used in this test series. This may improve
the ability of the second shot to retrace the path of the first
shot.

Position determination of the imagery can be performed utilizing
a good map of the area or an Analytical Photometric Positioning
System (APPS). Trials were' run using a simulated paradrop with
the CCD camera mounted on a helicopter and replayed for an APPS
system operated by personnel from the Engineering Topographic
Laboratories. Starting from an altitude which provided 10 foot
ground resolution and utilizing the stop-action capability of
the tape recorder, the APPS operators were able to determine the
position of the CCD sensor (helicopter descending at a rate of
about IS feet per second and advancing forward at about 20 knots).
Using this technique, the APPS operators were able to track the
CCD sensor and to locate simulated targets with respect to known
terrain features such as road junctions and buildings. This same
technique cculd be utilized with the final system; however, it is
vital to have a recording capability that provides the stop-action
(single frame) so that the APPS operator will have sufficient
time to locate his position on t e APPS system.

The ultimate CCD system should provide a wide field of view to
allow the detection of terrain features, and should also provide
good resolution to allow early target detection and identification.
This could be accomplished with the 100 x 1100 element sensor
evaluated for this test. TIie future 488 x 390 element sensor
should provide improved capabilities.
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2.6 CONCLUSIONS

From the data and subjective evaluation of the CCD system several
conclusions can be drawn:

us2.6.1 The 100 element x 100 element CCD camera can provide
useful imagery for many military applications. Detection,
recognition and identification of ground vehicle, aircraft and
artillery weapon targets can be accomplished from the pictures
transmitted back by the 100 element x 100 element CCD sensor.

f 2.6.2 The total field view for the transmitted picture is
100 times the resolution in the vertical direction by 133 times
the resolution in the horizontal direction. This results in a
rather narrow total field-of-view and requires that the CCD
camera be placed accurately over the target.

2.6.3 An artillery-launched, parachute-deployed aerial
reconnaissance system using the CCD technology is feasible and
can be fabricated using existing technology.

2.6.4. The swinging and rotation of the CCD system as it
parachutes to earth does not produce objectionable picture
quality.

2.6.5. Improved resolution is obtained as the CCD camera
falls toward the earth.

2.6.6. Deploying the CCD camera over a selected target area
was a difficult task.

2.6.7. Position determination of the imagery from the Artil-
lery TV can be performed utilizing either a good map or an APPS
system.

2.6.8. The ultimate CCD system should provide as wide a
field of view as possible.

2.6.9. The concept of the artil.ery launched, parachute
dropped, aerial reconnaissance CCD IV system has several de-
sirable advantages:

a. It can be packaged in existing 15Smm illuminating shells
(M-48S), which should reduce the development time and cost.

b. It can be produced cheaply thus allowing deploymnent and
operational control at the battalion levei.

c. It can provide surveillance and target :icqiisition under
hostile conditions when more sophisticated techniques might not
be deployed.
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d. It can provide observation on the "far side of the hill"
which cannot be seen from the friendly territory. Line-of-sight
to the target is not required. It is only necessary to have
radio line-of-site to the CCD's transmitter, and the visual line-
of-site from the CCD camera to the target.

e. It has the ability to go to the enemy's area. This pro-
vides a closer look, with "straight down" angles and imagery
which may complement other viewing methods and intelligence
devices.

2.6.10. The limitations of the concept include the following:

a. Unobscured line-of-sight from sensor to target is required
from altitudes at which radio line-of-sight exists with the ground
station. The system will not be able to see through clouds,
heavy ground fog, smoke, etc. However, there are times when
ground haze limits ground-to-ground vision, but vertical vision
is adequate for Artillery-launched TV use.

b. The deployment range is limited to the range of the
weapon. The M-485 round has a maximum range of 14 kilometers
at Zone 7.

c. Positional accuracy of deployment will be limited by gun
error and wind. The 155mm howitzer has a CEP of about 200 meters
for the M-485 illuminating round. The nonpredictability of the
winds vs altitude over the target area may cause an equally large
error. (It is possible that this parachute TV technique could
be combined with anAPPS's data base and used to determine wind-
vs-altitude).

2.6



SEC TION 3

SYSTEM ANALYSIS

3.1 INTRODUCTION AND SUMMARY OF THE SYSTEM
ANALYSIS EFFORT

In many military situations, reconnaissance of enemy-controlled areas is
desired to permit more effective use of weapon systems. Because of the
need, many devices have been and are being developed within the Army to
assist in remote detection, identification, and location of targets in enemy
territory. One such techniique, which would be more cost-effective than
drones and RPV's for limited reconnaissance applications, is to use an
artillery shell to launch a parachute-carried TV system. The TV camera
would point down at the ground while suspended under the parachute (simi-
lar to the standard artillery illuminating round), and would telemeter back
the scene that it sees as it floats downward. The telemetered results wold
be displayed in a safe friendly area, both on a TV set and recorded for later
playback and analysis on a standard TV recorder. The implementation of
this idea and technique has been prevented by the lack of available TV cam-
era tubes that would withstand the shock of being launched from an artillery
weapon. Recent developments in charge coupled devices (CCD) have now
made it feasible to fabricate a television-type sensor that has potential for
withstanding the 12 to 20, OOG's of acceleration encountered when launch-
ing a 155-mm artillery shell.

Under Contract No. DAAD05-74-C-0732, Fairchild Space and Defense Sys-
tems, a Division of the Fairchild Camera and Instrwuient Corporation, con-
ducted a study program to establish the capabilities and limitations of artil-
lery-launched, parachute-carried TV reconnaissance systeins, babed on
,airchild-developed CCD area photosensor arrays. The potential of such

systems was demonstrated in actual field tests of a CCD TV camera system,
uiing the Fairchild CCI).-201, a 100 by 100 CCI) area array of photosensors.
The work under this contract was perfornied from . I)3cernber 1973 to 15 April
1974. This section of the rex),rt preaents the results of the systenl analysis
efforts carried out during this period.

The paranieter analysis of thc,- TV Reconnaissance 3ystemn is given i.n para-
graph 3. 2 of this repo rt. It was determined that a resolution of I to 2 feet
was reqtiired for target identification and - to 5 feet fo r ta rget detect Iit on.
The TV Reconnaissance Systeri would be deployed in the fi-an inernxire as thet
l 55 -iuo M485 illurniiiating prOjeCtile and wOLuld have abo•ut the same deliveýrv
a(curacv, -100 t'eters or t000 feet. A cancera system AiSII(C thlgOe FIairchiid

(CAItD-4H;tA sens(3 r ariay and ai 0. 5-.111(h f, Ia l length t/'Q ICTIý: \k.Alld hain the
followi'ig gro)und coverages and lijixiting rc.s lutom :



At 2, 000 feet altitude

Ground Coverage ......... 1,380' vertical by 1,840 horizontal
K Resolution ................ 2.8' vertical f These terms

4.7' horizontal refer to the TV]
5.5' diagonal frame format V

At 1,000 feet altitude

Ground Coverage .......... 690' vertical by 920' horizontal
Resolution ................. 1.4' vertical

2.35' horizontal
2.8' diagonal

At luwer altitudes, coverage would be restricted although resolution improves,
Terrain obstacles and multi-path propagation, however, present more prob-
lems to radio communications at lower altitudes. To avoid operating at low
altitudes, increased resolution could be achieved by a multi-focal length sys-
tern (either a lens turret or a zoom lens) programmed to switch continuously
from a 0. 5-inch focal lenrgth lens to a 1.0-inch focal length to a 2.0-inch focal
length and back to the 0.5-inch focal length., eec. This system, although it is
more complex and requires mechanical motion, would provide the same dia-
gonal resolution (0. 7 foot) from an altitude of 1, 000 feet that z 0.5-inch Lens
would give from 250 feet. Furthermore, by vrirtue of wind .-induc.ed drifts,
ground coverage would be much increased.

Dawn to dusk performance is easily achieved by the system configured above.
It is estimated that such a CCD TV Reconnaissa.e Systern could operate at
ambient illumination levels of 0. 01 foot-candles, an iliumination level about
half that produced bv a full moon uncder clear sky conditions. Fhe illuinina-
tion levels corresponding to noonless night time conditions range fro•n 10-4
to 10-5 foot-candles. Consequently, although the CCD TV caniera sensiti-

vity could be improved to, allow operation at illunination levels as low as

0. 00 1 foot -candles, ni ght reconnaissance is best ca r rried owt with an auixi ii-
airy illuniination source-., such as the M55- m N 485 ilurnimatin g proc(,tile.

Analysis !O5 ow ed that a carrier trequen,"y (-t about , 000 Mll) N was opti•n,.in

ftor radii)ti ci•ikuiiciation fromn the vt rachute-b(,rne TV canmera. At this fre-

( umenio v, it tour -t(o()t diarinete r pa r.a (lic d ish r-c & iv !ni , antennia and a 2 -"watt
V.'M tt-ansn itrite r p,(vitd (' excellent , ()[11'1un1ications over the moaxinuiun 10.-mile

ran , (t thf 'ITV hec'T aia sante •;vstefii. A niulti!atlt f:oiii" oargio of n11

i c file-heved and tile 9)" teaiiwil th ot the rekci ving ainteoinia ro-qui -e: no cla-.
borate aiming prkwedlres. Wh~en the re'ceiving antenna is at tthe launch gtui

1,I iitIo I, a !)o- I I II itIh I i t I A i .un U gn Itl Y iI ,th A re, foIr a.1 p ra ) i t a 1 r-

I ( rs , id e I Iit I k I I , a 1 d t t 1 iutoiiu it I 1i e. s Lived to ( rc, it Ot fti r. r 'lle aii teuiod'

luau ull, uit'\' e1.-g;l, 1ioA.'ever, to dlis• riliiiiiite betweein the :iiwials tr'oii

.v u .ItV aiiu(wras v iliultiple ýV.,Ormmt; are ded (y I .kt tile sitIli

t 111 ..



The CCD TV Reconnaissance System described in paragraph 3. 3 consists
of the gun-launched parachute-borne CCD TV camera-transmitter unit and
a ground receiving station. The airborne unit is an exact duplicate, as to

external d mensions, of the illuminant package in the standard 155-trmm
M485 illuminating projectile and would be used in a similar manner. Eight
seconds after the primary expelling charge deploys the canister assembly
and drogue parachute, the secondary expelling charge would deploy the CCD
TV camera-transmitter unit and the main parachute. The camera lens is
protected from the blast of the secondary expelling charge by a protective
plate, which falls away after the camera-transmitter unit is expelled.

The camera-transmitter unit would be 4-1/4 inches in diamneter by about
8 inches long. it has five major assemblies. The order given below repre-
sents the axial position of the various assemblies in th- camera-transmitter
unit.

1. Housing and lens assembly
2. CGD TV camera and power supply assembly
3. Battery
4. Timer and destruct charge assembly
5. RF transmitter

The battery would be energized on setback and provide power to the CCD TV
camera, the timer and destruct charge assembly, and the RF transmitter.
The system is operative as soon as the battery is energized. The transmit-
ting antenna, which is a 1-1/2 inch quarter wave stub, is deployed with the
main parachute.

The ground receiving station would consist of a four-foot parabolic dish
antenna that would be positioned in azimuth over 360' but have only limited
coverage in elevation. The antenna feeds an FM receiver that provides a
video signal to a staxdard video tape recorder. The read after write out-
put of the video tape recorder is displayed on a standard TV monitor. The
video tape recorder and TV nionitor can be remontely located from the F'M
receiver when a suitable communication link is provided.

It is estimnated in paragraph 1.4 that the cost of the CCI) canieA transinitte r
package for large production quantities Nouli range froin $600. 00 to $1, 200. 00.
This price includes a preliminary estimnate of the CCD array cost and asswines
that the Gove rnmnent will furn ish materials, m-.ih as the battery and the des.-
truct charge. A prelintinary estiniate o)f the ( CAII). 488A cost was included
because, tntil the first oie of these devices it made, it is not possible to
re liably predict the produ,.tion costs of what, in sex iJ con(It to r ter ns , repre-
sentci a huge device; ntich larger than aoy cownihercial .eiicxt,,.tctor de vice
being 11iad& today.
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The CCD camera round is identical to the standard M485 illuminating
round txcept that the illuminant package is replaced by the CCD camera-
transmitter package. The final cost of a camera round is then equal to
the cost of an M485 round plus the differential in cost between the camera-
transmitter and illuminant packages.

The proposed follow-on program described in paragraph 3.5 presents the
design and development of a CCD camera system that can survive the launch

environment. The CCD camera will feature a 0. 5-inch focal length lens and

the CCAID-244A. The CCAID-244A is an area imaging device that has 244
rows of photosensore, each row consisting of 190 photoelements. This de-
vice is now in the early stages of fabrication.

All of the operational characteristics of the final system can be proven out
in this proposed follow-on program, since the CCAID-244A is equivalent,

except in size, to the CCAID-488A. Most importantly, the proposed pro-
gram will have demonstrated that a CCD camera-transmitter system can

be packaged inside the canister of the M485 illuminating projectile; that it
can survive launch; that it can gather useful reconnaissance data and that
it can transmit these data to a safely located command post.

3.2 TV RECONNAISSANCE SYSTEM PARAMETER ANALYSIS

3.2. 1 Reconnaissance Target Characteristics

The military force having cognizance over the TV reconnaissance system
has a need fo" both broad area and-] limited area reconnaissance coverage.
There is a general need to assess the enemy held territory behind the FEBA
as to the determination of the general topography, the location of identifica-
tion points and the deployment of the enemy forces. These is also a parti-
cular nced to monitor known key coordinates such as crossroads, strong
points and railroad yards. The general need requires wide coverage at
moderate resolution, whereas the particular need requires high resolution

but usually at narrow field i of view and, in addition, accurate plac ement

of the camera. Moderate I- solution allows for target detecti-'n and high

resolution for target identification.

The resolution req,lired for daniage ass4eSsinet and tsurveillanice for a wide

range of military ta rgets is given in Table I . This tabulation indl,(i teb that,

for the local battlefield condit lions, Ia re fsolution of 2-)5 feet is desirable and

that the worst resolution s houold not exceed 20 feet, and preferably, I0 feet.

The requi 'ed coverage for a p-articolar target will vary widely. 1%or exaniple,

rxdalining it C rossroad unttion for inilitary trto k traffic requires a resolu-

tun ranqgii from I -2 feet for identification to) l0 feet fir dutection. E'v'en a



TABLE I

RESOLUTION REQUIRED FOR DAMAGE ASSESSMENT
AND SURVEILLANCE

REQUIRED
ITEM MINIMUM KEY RESOLUTION (Ft.)

Major Cities Structures; buildings ZOO
General Area Large Structures 100
Major rnfg. buildings Buildings 30

Supply Dumps-Depot Pattern 20
Power Plants Buildings 20
Helicopter Larnding Pads Pad 20
Military Vehicles Truck 20
Mil, Water Traffic Ships/Barges 20
Mil. Air Traffic Parked Aircraft 20

RR Tracks, Yards Area Pattern 10
Missile Launch Sites Pattern 10
Aircraft Type Aircraft 10
Assault Guns Gun 10
Command Vehicles Trucks 10

Missile Launches Launcher 5
Combat OPS (Pers) Small Groups 5
Mortars Gun 5
Arm. Pers. Carriers Truck 5

'rank Turret, Gun Details 2
Power Lines Wire & Poles 2
Launch Site Details Pattern 2
Missile Component Pattern 2
Recoilless Rifle Rifle

105mrnm Howitzer Barrel, Wheels 0. 5 - 1.0
Radar/Comhm. Inst. Antenna Shape & Pattern 0. 5 - 1. 0

Air Defense Missile Launch Details K Nose Shape 0. 25 - 0.50
Personnel Indiv.dual 0.25 - 0.50
Aircraft (Details) Engines, Weapons Racks C. 25 - 0.50
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major crossroad junction would not covex as much as 200 feet in either
direction. On the other hand, a major supply dcump or depot can extend

2, 000-5, 000 feet in both directions. Furthermore, typical South Viet-

narnese strongpoints had a 3, 000-foot diameter. This gives the approxi-
mate range of coverage required for targets of interest. Since the mili-

tary force having cognizance over the TV reconnaissance system will be
concerned with all of the enemy territory within the range of its artillery,

reconnaissance over a much larger area is needed and a single gun-launched

TV camera round would not be able to cover all of this area at adequate
resolution. Multiple rounds will probably be needed. The coverage pro-

vided by a single round versus the ground resolution desired comes down

eventually tc a question of cost effectiveness and operational use.

The gun-launched CCD TV camera has sufficient. sensitivity to operate
from dawn to dusk (illumination ievels in excess of 100 foot-candles) with

very good picture quality. Daylight reconnaissance provides intelligence

as to the denloyment of the enemy forces and gives data as to the general

terrain topography. However, night reconnaissance is required to get

timely information on enemy movements as the enemy will generally move

under the cover of darkness. The CCD TV camera can operate under tall

moonlight conditions (0.02 foot-candlee) and somewhat less if lens and ar-

ray performance is improved but the camera will not be able to work under

moonless conditions (10-4 to 10-5 foot-candles of illumination). For com-

plete night reconnaissance capability, the CCD camera system will require

.,tixiliary illumination such as tould be provided bý the standard 155-nm

illuminating projectile.

3.2.2 TV Reconnaissance System Deliver

The accuracy with which the reconnaissance system can be placed on target
depends on, in addition to other factors, the type of surveillance to be carried

out. Two cases can be considered; (1) general surveillance applications

wherein intelligence inforniation is obtained by means of a progranimed

search natternand (2) surveillance of 1,cations at preseiect:d raiap coordinates.

When a prograrnmed search pattern is initiated, the first TV vanuera round

w ll have errors in both plan poxsition and deployment altitide. These errors

would aiso apply to surveillance of locations at preselected nmatp coordinates.

Frorn the observed scale in the telemetered iniagery, the ac:ttulA deployinent

altitude can be deteriri med and the appropriate adjustnients madte to achieve
the desired deployrnent al itude on the second rotind. In a progararm•ed

search pattern surveillance nmode, the! plan po ,sition errotr i)btainmed with the

first T'V ca rera round and the sb, bsequent altitude ( orrection -,und a re not

significant. Subsequent TV camn era roundr would be offset ak ,u rately fr, ni

the initial rounds by incremnenital i a uMStIu eJrts to .LIuze Setting: (I'), Quad rant
t-hle va ion (OF ) and Cha rt 0e) lectictin K Ii ) The enti re se;, mc h pattc ro'•t ii, , ht

be shifted somewhat ftom the iesired search patte rn. hut surveil.kinrvc.- (f Lie

region of inrfeest ,vw ild be essentially ctiipleie.



Sarveillance of target locations at preselected map coordinates is much
more demanding inasmuch as camera position as well as camera altitude
must be established. The errors in the deployment of the first TV cam-
era round can be d-te-rnined by exartmining the telemetered imagery just
as the errors in the delivery or ordinary artillery rounds are determined
by a forward observer. The Analytical Photogrammetric Position Lca-
tion System can be used in this context to track the location and orienta-
tion of the camera if the field of v'iew contains recognizable features.

The C.CD TV camera will be deployed in exactly the szme way as is the
illuminant in the M485 iiluMninating projectile. At a fixed time delay after
launch, which depends on the fuze setting, the primary expelling chalge is
ignited. The explosion forces the drag parachute and canister assembly
aganst the base plate, shearing the pins that hold the plate in place and
expetiing the parachute and canister. When the parachute and canister as-
,"erblies hit the airstream, the drag parachute deploys, and the anti-
rotation fins unfold to slow the spin of the canister. The parachute and
fins act together to reduce the canister v.tlocit7 and spin to m.uch smaller
values than those at initial expulsion and this action takes place very quickly.
Alter about 8 feconds, the delay element in the base of Jhe canister, which
was igniied by the primary expelling charge, burns through and ignites the
secondary expelling charge, which then ejects the main parachute and the
CCD TV camnera from the canister assembly. The main parachute then de..
ploys, suspending the CCD TV %riera below it with ýn avwerage descent rate
of 15 feet per second, The orientation of the CCD TV can'era in azimuth
i,, a random variable and cannot be predetermined. The carve -a's line of
sight will be essentially vertical. Under the :.Lfluence of the winds, the carn-
era will drift horizontally and its line of sight ixa•y deviate from the vertical .
Swayi.g with an amplitude of 10' to 30* rar c(, cur.u". TLe camnera's aintude
and pdlan position at deployment are determined by the gun and ýarget coor-

dinates, the gum settinms of FS, QE and CfU, and the e/ie.:ts of air ten-ipera-

ture, air density, wind, earth rotation, pý-opeiiant te~nperature, anid gun bar -

r.-' wear a:nd temperature. The introduction to the firing tables for the M485

ilbuninating projectile states that adjustments to tbh !OyrT11nt position are

ae Inade to greater accuracy than 200 zveters of the dtili ed location.

1'hins Lan reduce the effectivenesL, of the TV Reconnais,3ance Seste.r or npw-rs.

stat¢v, t use :,f a second rotund. Ec .r example, at a re.3olutior oif ' fe-- p1w TV

line, 50C einen TV sensor would e-ov er a 1, 000--foot wide a. r-c on the

groun.d ou' wiih -' L600-foot ý200( meter) error, in deplhyine, sirt. ''

t00 feet c,, dl:.i coverage wOuld be in the desired tirget a r, ý, Tnrprovig iie_-,

pl.'yrner a, curay is vtry d'esirable but the difficulty kJf oý ,' ihiig t

'i d~r a t f nk o' s ui F.u t be d etce ri n in e d. Bo th ka i -ir r a -,k-a yI in a~ 1,
hr:•.*'i~;o tal idrIft 'rvtvt b., in. reaze camiera cove s, a e ayi zin i::: ti,. nth e"

fo t' ii no Yi p o _ '1 4A, ccura c .

''V

S!j.



The maximum charge that can be used with the M485 illuminating projectile
is Charge 6W, which consists of propelling charge M4AI, base section 3 and
increments 4, 5 and 6. For this maximum cliarge, the muzzle velocity is
472 meters/second. The maximum range to the target, for the nominal 600-
meter illuminant ignition height, is 11,400 rmeters.

The M565 fuze used with the M485 illuminating projectile can be set to 0. 1-
second increments. At the maximum muzzle velocity of 472 meters/second,
the projectile travels 47. 2 meters in 0. 1 second. At the 45° trajectory
angle corresponding to the maximum range, the horizontal (and vertical) dis..
placement for a 0. I-second increment is 33.3 meters or about 100 feet. This
is a worst case value, since maximum range was used and no allowance was
made for the decrease in projectile velocity due to ballistic drag.

Fuze setting changes must also be made to compensate for changes in muz-
zle velocity, range wind, air temperature, air density and projectile weight.
The ma•qinuim values for ea-;h of these fuze setting changes are about-

Muzzle Velocity ..... 0. 06 saccond per I meter/second change
Range Wind-............ 0.02 second per I knot
Air T•nrxiperature... 0.04 second per 1%G change (590F std.)
Air Density ........... .06 second per !To change
Pi-ojectile Weight 0.... 0.06 second per 1,. 1 pound change

Unless these corrections are carefully made, the fuze settings mnay be in
error by many tirnes the 0. i-second incrernenhi. For exanmple, every
1000 rounds the rnuzle velocity decreases by about 22 meters /second. Fur-
O~errnore, at either 10"F o, 1330°F', Ohe vn:;le lelocity change due to the
chanige in propellant terrperature fr. vo the standari '70'F val;,e is abouut 9
n.eter.3I//econd. The mnaxiiturnu fuze stting charngv is about 0. 5 second for

this variation alone.

Undt,'r battlefield conditions, it is del-atable how n..z..y of these corrections
will be prope[,-y applied. Tei ZOO. rnrPter delivery zirctiracy .'aintioned pr-e-
,,ousy' is p(-c'b bh.y a very good value for unot*served artJle.ry tire. Consme
I q ue y, *m ain gi veli ijituati &n, the "'I'V Reconnaieisance Sy'•iýiý covld require,
two o.r nior-r, ronds t,., ac hie e 'e ffectiv-, e .,nnaissan~.e. The fiys,, rovidn,
as 'Previously stated0 would he used as forward obhervyers and the info rrna,.
lon obtaine•d from thOel uE:ed tO correct the gtv';: settlir gt,

u J it en ,.w ervation ýi itu~atlon0 the desired s urvelki.a11 e ccve 'age . ,ld

ranoge fron;, 200 feet to, 5 000 (feet. Be.&autje (if depl oymlent inaucttraci'mt4
thi 'anre ra T-a . 1 t ,Ent be sornewhat latr'ge,

.:or ', pmi o ."..&s of deti, rn;i, ame ra ,',, the de ployynent e-rror

t'. r btý ,h a1 it nd pgid a 'p I an cor ( iji'ate i is as it inien to br. 200) n rte rt (ee* 00
I'v T) I' ( I. e(Ar cin r * ,e l 0 V o, ra g,- Y 0 heu ih en wi t r) tf te• (de i red ti ur"-. ii-

eý ¾'o , e•e• v et pJuX.i % x Ot0 ,r et a t theri n, r mina 1 00-. •Iete r dez p )y rfuent alt.

kt~de t 'it rv.ti ei ht 4t 0 .jJ) r .metter 4., , rre.s i() r:(irg to a )0-meter ,

1AI�
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in deployment altitude, the camera coverage is 2/3rds of this value. Conse-

qutxtly, the nominal camera coverage must be 150% of the value given by the
formula cited above. At narrow angles of view camera swaying increases
covei-age twofold with somewhat smaller incr-eases at wider angles of view
(1.4x). This consideration is reflected in the followirg, table-

Desire'd Surveillarce Required Camera
A rea Coverage

200' x 200' 1,050' x i, 050'
400' x400' 1,320' x 1,320'

8CO' x 800' 1,800' x 1,800'
1,600' x 1,600? 2,730' x 2,730'
3,200: x 3,,-00' 4, 620' x 4 , 6 20'

3, 3 CCD TV Canmera Perfori-nx,_e

3. 2. 3. 1 C-CD Sensor Characteristics

There arc five C.JD area pnoto t ensor arrays ,'urr ently being producecd or

wide-r d,-.v loprnent by Fairchild. These & re th.: following:

1. (.'(.-'A M - 10 ) t(, C ) - 21 0 )

2. 1C;cA Z-244A
3 , CCA "[1 Z-24 4 1

4. -.CA I) 498A
C C A If) - 4 , 8,I'll

The' (I(AII).. i 1 (('(:1) -2 I 0 0) is tile de',ice uised in the flight tests pe r-fotnrwý-d

lldýr I ikis .o ý t'ira c 'it js a rJ 0 by 1l00 e lernte:, t ar -a -r of pholxtt , .'enti o rs w jith "

i reV . t.hat 1s4.pI. 2. rir b I.. , jt ý, The phot nse ,snir ai ea im approxi-

-01 0.bt rn by I Z mnil;s, t - . or : tle kvll c ol sisti!)g (0 kti.)aqted trans'
r e , - • .• ' -8 t ,c ,-, -e t ., e. k ph e ,' 1 .. h i p ei. . ,o ; t i e r i s a dJ a. - l .: i f fc re- n i a la3 .. ; u
pl I ie r that ha s d "I-; (n o ,t trat.o-io a ,i;, .e (h. .. 6nt ti, . he labor a-tt ryot-

o f a b o u it o e ' .t r ,n S) xA t I•r , ,' . {U l ; .di a't /d:ti, o l Ic u I l ½I .



The CCAID-244A, currently being fabricated, features a 244 by 190 matrix
of photosensors. It has column anti-blooming and three output amplifiars.
These are a dual differential amplifier (DDA), a floating gate amplifier(FGA)
and a distributed floating gate amplifier (DFGA). A noise equivalent expo-

sure of 10-40 electrons is expected for the FGA and DFIGA structures when
the array is cooled to -50*C to eliminate d: rk currei iaoiseo The cell size

is 0. 71 mil by 1. 18 mils with a photosensor size of 0.4 mil by 0.71 mnil.

The CCAID-244B is identical to the CCAID -244A except that it employs a
gateless, self-aligned structure for the CCD storage registers. The cell
S size is the same but the photosenoor size is increased to 0. 55 mil by 0." I
mil. This makes for increased sensitivity. This device is under deve._ P-
ment.

The CCAID-488A is a larger version of the CCAID-244B. It features a 488
by 380 matrix of photosensors and is directly equivalent in performance to

a standard 525-line TV camera tube. The image diagonal is 0. 5'.

The CCAID-488B is a very large chip designed for low light level applica -

tions. The 488 by 380 matrix of photosensors features a 1. 18-rnil by 2.09-

mil cell size with a photosensor size of 1. 18 mils by 1. 46 mils. The photo -

sensitive area is four times larger than that of the CCAID-488A and, there-

fore, the CCAID-488B will be four times more sensitive. The pohtosensor
diagonal is I". Ihis device is currently in the design stage. Because of its

very large chip size, the CCAID-488 will be a very expensive device and

should be used only in those applications where its performnvnce justifies the

increased cost.

3.2.3.2 Camera Lens

The major factors bearing on the design of the camera lens arf.:

. The lens must survive the projectile launch.
2. The iens field of view must meet the systemn

requirements.
3. The lens should have aperture for maxirnum

catnera sensitivity.
4. The 1ens should have good modulation transfer at

the spatial frequencies corresponding to the CCD
arrays used. This good response must be obtained

in the ailicon spectral band ranging from 0.4 to 1.0

nuicron.



The strength of optical glass is influenced far more by configurational
and, in particular, surface features than by composition and basic modu-
lus of elasticity. Although the "ultimate" strength of glass under ideal
conditions can be as high as 1,000, 000 pounds per square inch, the engi-
neering tensile strength of conventional glasses is frequently given as
1, 000-2, 000 pounds per square inch. Impact loading over small areab
causes glass to crack at areas where surface flaws or stress concentra-

tions exist. Conventional lens constructions wherein the lend elements
are supported rigidly by metal rings at their edges would not survive
launch. At some sacrifice to aperture, the lens elements could be elas-
tically supported over a large area using silastic or similar material.
This technique would avoid stress concentrations and allow lenses made
in this manrer to survive launch.

Reducing lens dimensions is another method that can be used to insure
launch survivability. Mass decreases as the cube of the lens dimensions,
whereas shear areas can be made to decrease directly with the lens dim-
ensions. The lens dimensions are subject somewhat to system require-
ments; focal length is determineu by the CCD array element size and the
desired ground resolution and deployment altitude. The lens size is most
easily decreased by decreasing lens aperture. This, of course, decreases
system sersitivity, but it will be shown that the CCD camera system has
adequate sensitivity even at reduced apertures.

Wide angle lenses of a given focal length are much larger than lenses of
the same focal length, which have normal or narrow fields of view. This
makes for less launch survivability. As., general rule, therfore, the
CCD camera sholDd not use a wide angle .ens. A wide angle lens is de-
fined here as a lers whose image diameter is larger than its focal length.

The spatial frequencies corresponding to the limiting diagonal resolution
for each of the CCDI photusensor arrays described in paragraph 3.2.3. 1
a re:

CCA ID- 100 ............ 10 line pairs /mn
CCAID-244-A ............ 17.5 line pairs/nnim

CCAID-244B ............... 17.5 line pairs/mrmn
"CCA I) -4888A ............. 17. • line pairs/rmn
"CCA ID-488B .............. 0 line pairs /ni.

Thei;e spatial trequencies are rather low and should present no difficulties
to the lens design effort. The spectral bandwidth froin 0. 4 to 1. 0 rnicron
is rather wide fromn a conventional photogrý_phic viewlpoint but does not
represent a difficult design problem. Vairchild, L arnother program, mo- i -
fied a convential f/l. 0 rns des ign ti- achieve a mndulation tratni fer of 0. 83
at 20 line pairs per mIllilenete-r over the tull 0.4 i. 0 nicron baridwidth.

a-hi



3, 7.3. 3 Field-of-View (FOW) and Resolution

The resolution and field-of-view can be given in terms of matrices relating
altitude and sensor type to the appropriate parameter for a particular lens
focal length. This gives an immediate appreciation for camera performance
not given by the equations relating the various parameters.

The lens focal lengths considered in Tables 2 through 5 are 50mm, 25mm,
12.5 mm. and 6 mm (2"1, 1", 0.511 and 0.25"1, respectively). When the sen-
sor diagonal exceeds the lens focal length, this corresponds to a wide angle
lens and, as such, would not be suitable for the system. Such values will
be marked with an asterisk in the matrices.

The resolutions given correspond to the sensor element diagonal. Some-
what smaller limiting resolutions pertain to the x and y sensor element
spacings. For example, at an altitude of 2, 000 feet, the CCAID-488A
achieve3 a ground resolution of 2.8 feet (diagonal measure) with a 1-inch
focal length lens. The corresponding vertical and horizontal limiting reso-
lutions are 1.4 feet and 2.35 feet. Vertical and horizontal as used here
refer to the rectangular TV picture format.

At an altitude of 2, 000 feet, excellent ground coverage is achieved for:

1. the CCAID-244 used with a 1/4' lens
2. the CCAID-438A used with a 1/2" lens
3. the CCAID-488B used with a I' lens

The ground resolutions achieved are respectively 11', 5.5' and 4' (diagonal
measure).

A tank with dimensions 10' by 20' can be imaged at the I1' resolution by a
2 by 2 array of photosenoors (4 sensor elements). This yields marginal
detection. At the 5. 5' resolution, the same tank can be imaged by a 4 by 4
array (16 sensor elements). This gives good detection. When the altitude
is reduced to 1, 000 feet, the 5. 5' resolution goes to 2.8' and the tank would
be imaged by an 8 by 8 array (64 sensor elements). Very good tank identifi-
cation would then be achieved including perhaps some measure of damage
assessment. This is consistent with tile 1.41 vertical and 2.35' horizontal
resolution that is actually achieved.

Examination of the matrices points up the fact that the best ground coverage
and the best resolution cannot be achieved at the same time. Good coverage
(1, 380' by 1,840') for the CCAID-488A, may require a 1/ '' focal length lens
but high resolation (2.8' diagonal measure) requires a I" focal length lens.
A mrulti-focal length system may be indicated.

~•
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There are two possible approaches, a lens turret or a zoom lens. A lens
turret can contain Jenses of 1/2", 1" and 2" focal lengths. By automati-
cally indexing the turret to each of these lenses in turn, both good resolu-
tion and good coverage can be achieved before the altitude of the camera
has changed appreciably. The same results can be achieved with a zoom
lens. For example, Canon manufactures an f/1. 8 zoom lens that zooms
from a 12 mm (-1/2") focal length to a 50 mm (2") focal length. This lens
design can be the starting point for a launch-survivable design. In any
event, the advantages of a multi-focal length system must be weighed against
the increase in system cost and complexity.

The lens turret and its driving mechanism can be a fairly simple, reliable
device. The major disadvantage is that the longest focal length lens esta-
blishes the axial length of the mechanism. Consequently, a larger volume
is required for the lens turret assembly.

Less volume is required for a zoom lens. However, the mechanical move-
ments required are axial (in the direction of the launch set-back). This com-
plicates the design of a driving mechanism that can survive launch.

It should be noted that ground coverage is not simply a function of lens angle
of view but also depends on the winds and camera sway. A 30-knot wind
corresponds to a 50-foot per second horizontal velocity for the camera. By
the time the CCD TV camera descends 1,000 feet at the parachute's 15 feet-
per-second rate, a 30.-knot wind will have blown it sideways by more than
3, 000 feet. Normally, better resolution of a target is achieved when the
camera descends to a lower altitude. Under the influence of winds, how-
ever, the target may no longer be within the field-of-view when the lower
altitude is achieved. A -variable focal length system would provide both
the synoptic (overall) view and the high resolution imagery before the tar-

get of interest drifts out of the field-of-view.

Figure 12 ihows the ground coverage achieved by the CCAII) -488A with a

0. 5' focal length lens for three different wind conditions; a i(0-knot wind,
a I5-knot wind and dead calm. The iO-knot wind provides as nituch as four

times the ground coverage achieved trider no wind conditions. Again, a

variable focal length systern would provide considerably greater reconnais-

sance inforination.

Finally, ground coverage decreases very rapidly as the camiera altitude

drops below 1, 000 feet. At 1, 000 feet, the coverage is only one-qkua rter

that at 2, 000 feet, and at 500 feet the coverage its only oue-sixteeInth. Padio

Soiiii'nun ication becomxes increasingly mo re d fticilt at hlwer al. titdes due

to line ot sight hrinitationrs and multi-path propagation. The paucity of recon-

naitsiance inforimition that in obtai•ned at these lower altitutde i •,,itigates
against trying to c(oni-iouiicate under these 8j Iet'ali hand, i•catpS. It fu rther

reinforces the ase for a. varia;le foc.il length syiteii,.
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3.2.3.4 Ima.e Motion Considerations

Image motion arises from angular and translational velocities of the CCD
TV camera during its parachute descent. Zooming a lens also produces
image motion because of the scale changes achieved.

The image diagonal corresponding to a single photosensor element is about
1 mil (0. 001'') for the CCAID-488A. For the various lens options discussed
previously, the angular resolutions achieved are:

1. 2" focal length .. 0. 030

2. 1" focal length ... 0.060
3. 0.5" tocal length... 0. 120
4. 0.25" focal length. . 0.240

At the standard TV frame rate of 30 frames per second, the effective expo-
sure time is 1/30th of a second. At 30 frames per second, the anguar rates
that would produce image smear equal to an element diagonal ('he limit of
detectab.lity for image smear) are:

1. 2" focal length . . . 0,9 0 /second

2. 1" focal length ... 1.8'/second
3. 0.5'" focal length 3. 6'/second

4. 0.25" focal length . . 7.2"/seeond

These are the limitations on the pitch and yaw angular vel(c&iti, .s. Rota-
tions about the optical axis of the camera produce image smear at the for-
inat extrernes. The angle subtended by a comner phot,,sensor e enient when

viewed frorm the (enter of the CCAlI)-488A array is (.001"/0. 25") radi;ins
or ahx ut 0. 2' . The allh'wable angular vel(,city a;bout 'C e ,Iti cal axis subject
to the same element diagonal s mear criteri(,n is 6 /sc--),nd. Highei" rota-

tional vehIc ities are allowed j illage, s ilea-ring at the cfial-rmel c, n is

a(-ceptable .

T-lr nSla ti o)aI v&eh(. i ti-s rn die h i, )ta I i i are pr i(du e (ete ta1b e itm I a
snmear onl y wvhen the canie 0 raO 1overifemmt I 010('ý ('Ile, iralne. t m11IC to ttLý- llexi

exceeds the Iimmiitillg groom1d rf-(,litin. I-",r a 30--knlf \viv l an(d W0 f'ail ,eCi

per sectmn-d, the ncamera's hol iz.rital zranii-latimn wovmld be I.6 feet. At this
wind level. the. rcti(dklut , ,) achie vedi 1)y ilI ('('I) TV • idlI rIa w(>mId t)& 1 litedl
[)y 111).lAge Smilear- to ( .a)(dt (meh ()r t,' feet.

Rapidl kliwill i in clf pr~ie d 11H . ed by "~kll l -nr in It e- j len , ý)r 1)v c a - pid d ftý en t

tf tII (. i lv ra I r ri. i iCe i are, s i i . t r L ttI ie ,i) riiat e4r- le-t iiw.- I)ete<Otii le

sriiiear e , rs foi r the C((A H) - - X v,;A ' i.z, ie ,han;e ,i' l .i, , , tirsi

dur'•g- tht. !i1m1e dltt,'con I rtla •i , f-, 're t r'elatei( t, , i 1 1 rf- alti

ttide,. A t I, ()0t.i fe-• . i , n.rle IOiai. ,'- i , , IH ýi; ,' u ,i ir' , a ti-f , ha, ' -ll 'e

-.. - ..i .~ - 2 -



in altitude. At the frame time of 1/30th of a second, this change could
only be produced by a descent velocity of 60 feet per second. This is
four times greater than the nominal descent velocity. Smear produced
by lens zooming is best avoided by stopping the lens zoom at preselected
focal lengths for a period equal to several frame times. If this is not
done, the time required to zoorm from, one focal length extreme to the
other becomes excessive if image smear is to be avoided.

Tbe image smear criterion used in the above discussion assumed that
the observer was looking at single TV frames. This is analogous to
looking at single frames of a film reconnaissance camera. However,
as is well known, mnultiple TV frames are integrated by the human eye to
give an effective increase in resolution. Thus, the samne image smear
criterion cannot be applied to TV imagery at 30 frames per second as is
applied to static frames. There is a difficulty, however. Static frames
allow for leisurely examination of the imagery. In this case, a given mag..
nitude of image smear might be objectionable. On the other band, the
same magnitude of image smear would be undetectable at the standard
TV frame rate. The only difficulty is that the imagery does not s; still
for detailed analysis. The level of image smear that could be tolerated
can only be determined by actual use of the equipment in a variety of
operational situations.

3.2.3. 5 Camera Sensitivity_

The charge coupled area imaging devices operate in the integration mode.
The photoelectric current produced under the influence of light is inte-
grated over a period equaI to the framne time. The resultant photoelectric
charge is stored in the potential wells associated with the individual photo-
sensor elements. This charge is given by,

Q B KS A La t

where,

Qs the photoeie-try-c charge in ,-oulornbs
1K S ilimon s iensitivity in armen res per truit area

per uL it of ili' mninatiun
A sen Hor elewment area

LaO array iluninati (
t airray t'ante titi,•e in sv()n s

L'or hlack body radiatioi, the sili'ifn Semlsitivity im• - 10111 ton)11 ý't the blý k
bod. color tenil), rature. At the q. .0"K roio,- temer~ettre ,urr-esp.ndiig
to in1igliyht. the ("(J I) arraysi ha'e r o, i .- iri,.itivity a 0 I (,)-
pe r s(pJ11 re' rolil foot-kinldle. The, ýijhi'cosriiiiv Qt\l ~u
te•I~~et'atrre . .At ?",Wr1 -',, the ih., oý ý e tfiitivty htr the (:ji) irays r,
ahout 2" ) 0 ' 10 mrr.'1rer- pner r 11'' per f't-.



-T'e sen.cr trta for the CCAID-488A is about 0.4 square mil per elemnent.
Asokuning sular Jlarnination and operation at 30 framer per stcond,

I- 1 1  0.4 xL x -, x 30

().33 x 10- 13) La coulombs

;,s the electronic charge is 1. 6 x 10-19 coulombs, Q. may also be expressed

in electrons; i.e.,

14. 3 -0- 13 i,a elcctrons
1. 6 x 10- 19 a

S(0. 8 x 106) Lit electrons

The noise equivalent signal ior the CGAID-488A ib estimated to be 10-40
electrons when the f!oating gate an-.plifier str,.,cture is used. Uoing the
conservative value of 40 electrons, the noise equivalent ilumination on
the array is 50 x 10-6 foot-candles.

The array ibumir.ation is related to the actual ground illumination by the
fcllowing equation:

a Kr ai a 0 L4 f'

whe re-,
SKr trget reflection factor

T a atmospheric transmission...air
Tl tns 5 lens trnrs•nission

i Jen4 f- nuinbe r
Ma array rnrmoiuiation transtfer at the target's

spatial freqaenrm

MI lens modulation transfer at the target's
spatial fre.,uericy

Vground illhrrninatji)n

'hoSillig '0, ser ative va iCes fur all of tie above pa'. anett-rs I.e.,

¢r N r- .]

17 2. 0'

IM 0 . fl

i,4A 0. 7

a - .. . . - - -
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The array illum•iation is then given by,

4 x2 xax,

L Ell 600 La

U'hinxg the noise equivaleat array i]!uh-xiiation of 50 x k0- 6 foot candles that
was determined previously, the miniu'rn ground illumination needed for
opuration of the CCD TV cameri. is 0, 03 foot-candles, This illumination

!U.ývel is somewhat greater than that produced b- a full moon under clear

sky conditions.

This analysis ib somewhat co(:3z!rvative. A for-.cld iinprovezaent coald

be gained by using the 10-electron noise equivaient signal value. Use of

the GCAID-488B would yield another four-fold improvtmnent to bring the
rniirnm urri ground illumrination down t-) about the 10- foot- canidle level.

3.2.4 Commnrrunication System

3.2.4. 1 Comnmnunication Path Considerations

Comrnunic:ation between the parachute -ho•rnc CC TV' camera and th¶;
ground station will be maitainta d ove !r a raviin-cna rarnge of 14.6 Ki.-

metevs. For. reasor t,, that wi_,i ie bý en la-67r, it xa asziurrted that the
ground ',, eiving station is located at the a ;rtil •y battery tb,-:it l.airched

the cantera round. The rax:mTnitting fr.:querccy ooed -ihou•d be grvatrPr
t han 15ý !lz - \1 - 80 inches) to :niniu i•.' the anternia si.ze s requ•ared,..

In any evr'i, the radio tran.;rni'ssion ,:fl be.! ine-of -k igbt.

The radio I inc-oIT-.s ight oioninunication rangiý o ~irr On smoo th 0 rtz fT'I

an ai rY) rne t,-anstritte r to a ground rec, e io - is givY 'Ly,

IAI Tzhx

.'h e r ('

hx tran fililitter clevjtxon ill If'et

Ht N th tht rc''viver anid traosinitter t t't elivated ovce r the sTi0ooth ei arth.

the oý,•mituii atioli range, [ ts byvei by,

P2

S• I



where,

hr receiver elevation in feet

i hx RI

2,000' 63 miles
1, 000' 45 miles

500' 3Z miles
250'• j 2y miles

Even at the lowest altitude, tb, 7l..of-sig range iS considerably greater

than the maximum comnmunica~io.•:• xa.',,ge needed°

A major problem in lire-of-sight cornnniicaticns is the interference between

the direct and reflected radio rays, Multi-path fading becomes significant

when the elevation angle of the direct ray drops below 3 *

Natural obstacles such as mo•mtain ridges also ca.se corn.•uicatit3,n prob.-

lenIa,, If the obstacle is above the direct ray, severe transmisaion 3oAses

occur. If the obstacle iq sufficiently sharp, knife-edge diffraction can re-

duce the raagr•itude of these losses. For exa, np!.p a ron-irograik- •foj° the dif-

fraction loss at an ideal knife-edge given in "ReLfrence Dat- fcr Ratdio Engi-

neerr, Fifth Edition" yields the follc.wiýig data:

Range ........................... 14 Km 14 An1

Obstacle Height .............. 100 feet 10 feet
(abo~te 'h dcet rav)

'1" c fl'n jt fit ' ; .requeý,c. ........ 3 G-z . jIz
IL)iffr'acti rn L)oss8................. 15 db 7, 5 Ab

A6 naturcd ccetpcles dcpi,-t considerably frorn an ideal knife-edge, actual

,e U " nC : be , 20 db greater. The magn itude of thit e diffrac ti-0n

i*;+s.z f nte it +narndatory that the CC,) TV camera be deplhy,-J at a suffi

& iently high:, altditude ti achieve an unobstruiwted direct i hrie -of--sight between

the "rannmitter and the re(ceiver.

The optical line,-of-oighý frotn the ground receiver to the airborne canmera

has an elev-ation angie thtt delpendts on the range to the cam•ura and the

cainera's deployiiieot , ftitKc * ý (referred to the g.roirnd rece i%'e ). Fhese r
elevation angleA are .ive iT Table b tfr va kiots ranges -nd a ltituKlem,

4 '14
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TABLE 6,. LINE-OF-SIGHT ELEVATION ANGLES

Y, 000' 2,000'
At titude Altituce

14.4 Km (47,000') 1.2' Z.40
40,00W• 1.40 2.9"
30,000' 1.90 3.80
20,000' 2.9" 5.7'
10,000' 5.7* -1.3

3.2.4.2 Antenna Considerations

3.2.4.2.1 Transmitting Antenna

The CCD TV camera package is a cylinder 4-1/4 inches in diameter by' about
8 inches long; that is, the same size as the illuminant package in the M485
illuminating projectile. At one end of this cylinder is the point of attachment
for the main parachate, whereas the camera lene is centered at the other end.
Although the axis of the c ylinder is norrnially deployed in the vertical direction,
oscillations of 10* to 30* can occur. The orientation of the cylinder in azi-
muth is completely random.

To cope with the random orientation of the canmera in azimuth, the trans-
mitting anitenna rnust have a full 360" aziimuth coverage. Furthermore,
itr elevation coverage nmust be abxout 60' centered about the horizontal plane
so as to deal with the maximum camera sway of 300, Such a coverage is pro-
vided by a quarter-wave vertical stub. This stub must be placed on the axis
of the cylinder to insure a symu-netrical radiation pattern. Since the lens is cen-

trally located at the l)wer end cf the camera package, the only available loca-
tion for the transmitting antenna is at the upp,-r end of the cylinder, the end
attached to the main parachute.

3 . 2 4.?.Z Receivi-ji, Antenna

The receiver signal etrength is directly proportional to the area of the receiv-
ing arntenna. The larger J-. antenna, the better the cornniumication efficiency.
As ide from co cat rons ae ra.tions, Ia r ge arntennas a re ,wde.ts irable in comnbat

iAtuation,, tsince they ,mt)e ecellent targets. F'urthernu.re, large antennaBs have
narrow beannwidths and require .xinting accuracies that niay preAent opera-

ý.onal dlffickflties. Position location equi pnuent Vsuch ar radar rnay he needed

"tt, locate the carnrera package with suffo, ient accuracy, Norynally, the ca-nera
pos.ih ,ion should be fairly well kriown, Hwx'rver, iinder the in.fluenc ( of winds,
the r1hinned poniti on may be qite aI bit diffe yen t fri rti the a ctuIal position. !f

1 1,g mna is not iocated at the art' i h.rv bat.tery, both range .- winds

.-.. G 61 s.,nd• wfl ien. antenna ;x);vtingý If thte i-e, iviný, aniten a I• it, ated
the batt:v 'ry, only cro,.s.i wwintid infitien;ce ante n a ,inf:in A lu r thi' r advan

U,•,



tage to placLig the receiving anmtenna at the artillery battery is that, in a
gross way, the antenna -azimuth and the gun azimuth would be identical and
the two units could be slaved in azimuth.

Not heretofore cunsidered is the possibility that many gun-launched cam-
era systems would be deployed at the same time. A serious interference
problem could arise. This could be resolved by assigning different ca;rier
frequencies to the camera rounds stocked by each battery. Narrow beam-
widths for the receiving antenna could also discriminate between different
camera systems and in addition, would provide some degree of protection
against aramming.

3.2.4.2.3 Transmitting Frequency

As stated in paragraph 3.2.4. 1, the transmitting frequency used should be
greater than 150 MHz to minimize antenna size. Three frequency candidates
were considered; 300 MHz, 2,000 MHz, and 20, 000 MHz. For the purpose
of making a choice, the receiving antenna was considered to be a four-foot
dipmeter parabolic dish. This size war considered to be a suitable comprise
between the needs of combat security and communication efficiency. The
transmitting antenna was considered to be a quarter-wave stub. Table 7
shows appropriate performance parameters for each of the three frequency
candidav'es.

TABLE 7., ANTENNA PARAMETERS FOR VARIOUS FREQUENCIES

Transmitter Receiving
Carrier R tF Antenna Antenna

Fieuency _ Wa v eIen___h Size Bearn Width
300 MHz 40"1 101" 60*

2, 000 MI-1z 6"1 1. 5", 9"

20, 000 MHz 0. 61" 0

At 300 MHz, a 10-inch long transmnitting antenna presents sorne problems.
Th'r 10.-inch length requires a collapsible a-tenna, and an erecting rne(haniank
must be provided. Also, the 4 -1/4 inch diameter end plate does not present
a very good grotnd plane for a 10-inch long antenna. These problenng are
ameliorated when a 2, 000-MHz (arrier frequency it, used. The antenna
size of 1. 5 inches can easily be stowed within the transmitter inodule and
deptoyto when the rnain parmachute is deployed. 'The 4- 1/4 inch diaingter
end plate now reprt-,sents an exk ellent ground plane. At 20, 000 MHz, ad-
ditiortal probienis a ris e because of the extreinely sliiall dinxeni i onn involved.
The radiated field patterns are easily (isti rbed by small cha-,ri ps ill the on--

du( ctive elenienrts of the c'ainera [,)( kage.

The receiving antenna beami, width )f t60' at i 00 MlIz provi,l es very little,

an.guL-'r disc ri-n.i at it be tween n totinple came ra ro•,•xd ' . The 60" bealni-

wimdt.r d-,e not help at all I n upprcs ig rmu ti.-path [ rA'a,)fs cc, /l.A 09°I

4-ýaw*
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beamwidth, on the other hand rovides good discrimination between multiple
camera rounds and some disc: imination against multi-path, Referring to
Table 6, the line-of-sight elevation angles range from 1.2" to 11.3. A
two-position elevation setting for the receiving antenna would allow a 9*
beamwidth to cover this entire range; a 4' setting for far ranges and an
8" setting for close-in ranges. Going to 20,000 MHz, the 0.9° beamwidth
achieved presents severe pointing problems. At the extreme range of
47, 000 feet (14.4 Krn), a 1,000-foot change in altitude represents a change
in elevation angle of 1.2'. The receiving antenna would have to track the
camera in elevation as it fell ... and the situation worsens as range is de-
c rea sed.

All the factors point to 2, 000 MHz as the carrier frequency of choice. The
2, 000 - 2, 400-MHz band is, furthermore, a standard telemetry band. There
are, also, further options that can be made to improve system performance.
ThAe four-foot receiving antenna with a beamwidth of 90 may be faulted because
of its size (increased vulnerability during combat) and the minimal antenna
tracking required (a 30-knot cross-wind would change antenna azimuth by
9. 5 as the camera descended from 2, 000 feet to 1, 000 feet at a distance of
20, 000 feet). Changing the parabolic dish diameter to 2 feet would provide
an 180 beamwic'th and less combat vulnerability. There would be, however,
a four-fold drop in antenna gain and increased wvlnerability to multi-path
fading. The precise antenna size used would really depend on the actual
combat situation. A variable diameter dish might be the answer.... a batic
two-foot diameter parabolic dish with extendable sections to provide four-
foot diameter capabi)ity wh-n needed.

3.2.4.3 S&ystem Path Loss Analysin

The system path loss analysis is sunminarized in the tabulation given below:

Operating Frequeny ............. 2, 000 MHz
Tranomitter Power .............. 1. 5 Watts + 31. 0 dbmi-
Transmission Mode ........... FM
Transmitter Antenna ............ 1. 5 inch stub

Antenna Gain 3, 0 d(b
kPeceiver Tracking Antenna ... 4 foot dish

Antenna Gain 4 25.6 (db

Total Effective Power + 59. 6 dbin

Path Length ................... 10 Milts
Firee Space Ioss - 122.8 db
Nii c. Lo•sses (transnlis ion line, counlifig et.. ) 2, 0 db

1OttaI 1Ac)JeS 124o 8 db

M i e iyati) e icv.-d Car rie r Powe.,r - 65- 2 d h cA
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RF Bandwidth ................ 4.5 MHz
Noise Power (KTB) - 107.5 dbm
Assumed Noise Figure 4 4,0 db

Equivalent Noise Input (Receiver Sensitivity) - 103.5 dbm

Median Carrier-to-Noise Ratio + 38.3 db

FM Improvement Ratio + 10.0 db

Receiver Signal-to-Noise Ratio + 48.3 db

3.2.4.4 Path Reliability Considerations I
The methods of assessing propagation reliability for fixed line-of-sight
links, involving consideration of Fresnel clearance and Rayleigh fading
are not applicable to this type of air-to-ground link. The radio link, as
proposed, will provide a fade margin of 38. 3 db over the noise improve-
ment threshold when subject to 122.8 db of free space loss. This mar-
gin is adequate to ensure that the received carrier remains above thresh-
old under the following combination of circumstances:

1. Parachute range at 10 miles maximum.
2. `)arachute attitude such that the effective transmitting

gain falls to zero.
3. Receiver antenna pointing errors up to about '°.

It should be noted that in terms of signal fade margins, the peak-to-peak
signal to RMS thernmal noise of 48. 3 db is conservative for a video signal.
Good useful picture transmission will be mnaintained down to a carrier-to-
noise ratio of about 23 db. Stated in the more familiar notation, the sys-
tem will possess a fade niargin of approximately 26 db.

3.2.4.5 Video Quality

System path analysis indi( ates that a mi ininurn osable signal-to-noise ratio
of 48, 3 db into the video moonitor will pro vide an excellent picture quality per-.
fo rrian ce.

Table 8. lists p1wicture -quality definitions for different NaJlu, s o! signal-to-
noise ratio. liet,re definitions are lased on reports by "Felvision Alhoc-
tions Study Organization (TASO). The levelIs given hadv e be en ad tusted to
represent IZ" i iastire -o s a ,s)[ ii ed to v d e', toe a re )ent:m
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TABLE 8. PICTURE QUALITY VERSUS S/N RATIO

S/N Ratio Picture Picture Quality
(db) Quality Definition

49 Excellent Snow free pictures
39 Fine Just perceptible background snow
33 Good Snow it. picutre but not objectionable
29 Marginal Somewhat objectionable snow

3.3 CCD TV RECONNAISSANCE SYSTEM DESIGN

3.3.1 System Block Di a

The CCD TV Reconnaissance System block diagram is shown in Figure 13.
The battery of the airborne equipment is energized both by the setback and
spin occurring at launch. Battery voltage comes on in less than I second
and power is then provded to the following units:

1. Lens motor drive (if rnulti-lens systemn is used)
2, Camera power supplies

3. Destruct charge timner

,4. RF transmitter

The output video signal fromi the CCI) pnotosensor array is arnplified by

the 4 -M Hz video ariplifier that provides the inod•iuation in put to the S-
band FM transmnitter. The transenitter frequency is in the Z, 000-2,400-

MHz telenietri band. The traiuiinitter output is fed to) a quarter-wave
stub antenna that produces a toroidal radiation patterrn.

The trar sriiitted signal is picked up by the recceivin g an tennna, a four-
foot parabolic dish. The- vi(eo output from the S-han'd V"M re eiver .s

co(lditionod by the vi.eo me driver before it is reco rded in the video

tape recl.order. The read -ifter'-write u.ignal uutlr:it odf the video tape re

corder is then displayed oin a standard 1VV monittor.

L. i. a Airi-oru(•rayll., Tr'__mnmi t-tter fAss.. eIi Ai

The canister assemibly for the N.1t8L !lhlilu atirlk pl (ie, t lf will he used

for the TV ReomSaissance Syst'lm with the mllu ;l,u ulitilner breilng re-

p1aced Lbv the (io il) ciAr rra-tra.,I i te r 'l. iemrhi e i .11.y I - 1 t uwt .. r p•re i

I I Iit ry' !.a i t ti i - e i i 1 k
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The lens is protected from the blast of the secondary expelling charge
by a heavy metal disc. This disc transmits the explosive force to the
housing of the camera.-transmitter assembly and eventually to the cani-
ster base plate. The pins holding the base plate are sheared away and
the main parachute and the camera-transmitter assembly are expelled
from the canister.

The CCD camera subassembly is a disc about 2 inches deep by 4-1/4
inches in diameter. Similarly, the RF transmitter is a disc about 1. 0
inch-deep. In the center of this disc is the 1-1/2 inch long stub antenna.
It is fully recessed-normally but will be extended when the main para-
chute is deployed. -

The remainder of the volume is taken up by the battery and the destruict
charge aiid its tinier.

3. 3.2. 1 CCD TV Camera

A block diagram of the CCD TV camera is shown in Figure 15. The
total component count for the camera is about 32 DIP's (Dual In-line
Fl, ckages). To meet the launch environment, all components will be
used in chip form and connected as hybrids. All subassemblies will
be potted.

Wý. ". 2.2 S-Band Video Transmitter

A block diagrarn of the signal flow in the video transmitter is shown
n r'ip, re 16. Tile tranprnitter is ,-omnposed of a series of thick/thin
ftim )3abstrates packagted in a 4' d.!mneter disc about I inch thick. This
techr-ology is usetd to elirninate component leads that would have difficulty
s8 1rvijk'inig the launch environment. T'L., use of an cpoxy l×xtting comipotnd
to se .ure all the transmitter elemenits would not sat i sfy the dielectric con-

o't r-cquireinents of i,,crow., ve circ uits. Therefore, tie deoign uses

al' active devices in chip formn. These inclunrt the large RF poweýr tran-

Sir "') These large r I-wer har1il i , , )ruipo)nents are licated at thi tur-
-az e, , i clh t1-a intIitter •,.. ge, to nstir- adequate heat dissipation.

3. Z. 2. 1eitry rai rnitt- Specif>Ations

(¼)txtliie (1iI,:er~iii n 4 inch l ,izte,,e-r, I inch thick
Sb,";,.:, \ urvixafl ~20,000 (; s

1 qti'e~ i r" (S'l[*t' l J 2. 21 to.

P w,, C r Olue t ' •t t:i ty t 0 ). ('' .\e e l [•ta• tt+ ti'

Y1 'I iL I ! ti I( V Ip t IV 0. O
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Modulation

Type True FM
Frequency Response 10 Hz to 4.5 MHz at 3 db
Deviation +10 Mhz maxiinum (adjustable)

Input Impedance 50 ohms
hnput Level 20 mw

VSWR 1. 5:1 any phase. angle
Output Impedance 50 ohms
Spurs IRIG 106-71 (10 log power)
Operating Voltage +24 VDC ± 20%
DC Efficiency 15% approximate
Weight 8 ounces

3.3.2.3 Destruct Charge

The ignition of the destruct charge cannot be accomplished reliably by im-
pact, sincethe parachute willlimnitthe magnitudeofthe impact forces, especi-
ally if it becomes fouled in a tree. A more reliable fuzing method is the use
of a time delay element actuated by the battery voltage. At a descent rate
of 15 feet per second from an altitude of 2, 000 feet, the total elapsed time
to impact!is about 130 seconds. A delay time of 100 seconds would cause
the camera unit to be destroyed before impact and, thereby, an enemy
would be prevented from examining the unit.

3.3. 3 Ground Equipment

The groutid station can be mnade up of c•,nventional coinmercial ujnits or

devices already in the rnilitary inventory. The S-band receiving antenna
with a four-foot diameter parabolic dish probably already exists in the

Imilitary or conixnercial inventory as does the S-band FM receiver. The
video tape recorder and TVn monitor could be standard commercial units

,uch as the Sony Av-14{00 Videocorder and the Sony CVM-920U 8 nioni-

tor. Video line (]rivers are available cornmercially. Military ve rsiions

of tfiese equiplients ((ould be Providced.

1. -4 t;YST'I'M (COST ANA IYSIS

.4. 1 Grourd Statuion Ui', ,ts

Ground station costs are liot a ma or factor inl the design otf the TV

Re( 010a is san .Systeln, since the grouilld station is n t an e l<penalalbe it emm.
T[hc grU)kik(i station I , pt i ses the f(lld willg tuiits

L ) al, nI t eI rrI t (VI fout J), p v l hn(d (I I.s Ih)

2. 1,-, Yitn I N mt-' v e "

- V , ta e ;(Ir, r

%I dh ta eml fdl, e I- IcI
I r 1 ' m Iil > in , £ "
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Most of thee equipmenA are commercially available or are already in
the military iuventory. Consequently, these costE were not ,bvaated in,
the present study,,

3.4.2 Airbozne 'Caoera-Transnitt.r ts

Development coats were not considered in this 2tudy. The only coats
evaluated were the equipment costs for large quantity production.

X34. Z.1 CCD Camera Coste

The CCD camera, as state& previously, consists of the following nmajor
items:

1. Lens

2. GCD array
3. Electronics

3.4,2. 1. 1 Lens Costs

Fo.'ir a simple f12 12.5 mm lens design, large quantity production costs
could be under $20. 00. A lens assenmbly for the Kodak Pocket Instarnatic:
carriera -an be purchased for ab 4t S23. 00. The lens is an excellent four-
element f/2.8 25 nmim focal length device. R uggedizing the lens to sauvi'ýe
the laurch environment should not: add significantly to its cost if production
quantitie8 are large enough.

,'oorn lens vith rnotorized controls are quite a biý. re experzw:ve.
-anon ,nake•-t a inotorized f/1.8 zoorn lene that zoons froin 1? -rvn to

50 rim and k 1,l.a for $175.00. Altthough thif. lens ti a coryrrme-cial iterri,
the ,4ivuiber of lerises produred is probably quite small, The two-thirds
inch vidn<on •racowra tube for which this lens was designed is not that poptuiL r

•iH l £e .t•91 n I," p ,,,Fduoiorf e 0 this le.r.e s were niade, it
•, I . ielyc that a rugged .ze' v sio o thiO s lens w'ocl, sell for Cmdt r

C-. A ,.

- , t *KV44',,. , "r• , ti.-t2 1 ; x ,, .r j * .

V, I N,, , '. v
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The CCAID-244 and the GCAID-4.88A arrays have not yet been produced
and the price of these arIrys can only be conjectured. The price is very
dependent on the yield statistics that will be achieved for these devices.
Yield is very much a function of t0.e armouomt of money spent on perfecting
tbý- sernicc-nductor processing and where the se'icondu:tor mwaufacturer
is on h-s learning curve. Tht CCAMD.-489A is a large chip with a diagonal
measu.rement greater than 0.5 inch. This device is Larger than any that
hAs ever been made corrr-mercially. Fairchild cannot, at this time, make
art' estimate of the. cost of thio device for large production quantities, ýiut
a price of $50 to•$Z0O can be assurned.

3.4.2.1.3 ElectrCnics

The CCD camera electronics includes about 32 active devices. For MIL.-
standard ccmponents, the average price is about $3. 00 per device for large
volunze procurements. The total cost of these active devices is, therefore,
about $100. 00. The cost oi fabricating these devices into a piece of equip-
nwit depends on the amol:nt of money spent in automating prbdiction. This

cost could run anywhere rrorn $ 5!. 00 to $300, 00 d-pe ...... _g on the degree of
production o.utorrration achieved. Consequently, the cost of the electronics
could range from ', 150. 00 to $400.00 for large production quantities.,

3.4. 2.2 S-Band Tra~srnitter Costs

Contact was made with a cornpany that rnanufbctures S-band FM transmitters
that Lu-vive atn 8, 000 G environrme2.- This manuiLcturer quoted a price of
$475, 0C in 20, 000 piece lots, for' a crannismitter that would rneet the requirc.-
ments of the TV Recornaissance System.. The $60, 000.00 .n on-recurring
development r-ost that was also quoted doeb not r-epresent a large capital in-
vestment in production facilities or in designing the urit for cost-effective-
xness. A unit cost of less than $350.00 could be achieved by a larger non-
recurring cost expenditure.

1. 4.2.3 Coo, Surnmary

i ',os •s for the. Ai rbot-e 'eCCI) Caine ra .T ravhp sitter wnit are suxntia rized
be low :

............. $ 15. 00 $100.00
CCDI) ',rray 5 0. 00 200.03
Si'1ec tinic ..................... O. 00 400,00

--M 7 ransritter . . . . 35t 00 425. 00

IL4



No costs were allocated for the battery, destruct charge and canister
asnembly. These are considered to be Government-furnished materials.
iý is envisioned that the battery and destiuct charge will be provided as
Goerrnent-furniahad material to be assembled into the CCD camera-
transmitter unit. nre CCD camera-transsmitter would then be delivered
to the Government for assembly into the CCD reconnaissance camera
projectile,.

3.5 RECOMMENDATIONS FOR FUTURE PROGRAMS

The feasibility of using a gun -launched parachute-ce rried CCD TV camera
to collect xeconraissaace data has been demtonstrated in the rresentt program.
The value of CCD imagcry was shown during actua.l flight test3 of ; CCD TV
camera, System studies carried out during the program, as deta-'ed in this
report, indicated that the ground revolution and cover-age that coulk. b2 achieved

in an eventual system would pr(,v.,de a valuahle reconnaissalice capa-
bility. Tho questions of how valuable and at what cost have been dealt with
in £ prelh-nirary way in the system studies. T,'sks that must be addressed
to bridge the gap bet-•een the work accomplished under the present contract
and the final operatio-'ial system are as follows:

1. Den-monstrate that the CGD camera-transmitter assembly can be pack-
aged -nto the available space in tlk. M485 illunlinating projectile canister.

2. De[eonstrate that the above assembly can survive the launch *, nviron_-.
Knll .I t.

3. ni.onstratLe that the CCD camera and the RF trzan•siritter can meet
thel i ope rationai s pe" ificatioyis after launlch.

De.terrmine the p-Ir. chute dy7iarnic s f(,r the ac:tual CCD) cane r-trans
iitt~er package c.wonfigurration undder various met.eorolgi ca c ndi ions

his ta wo"Ju al s, inv-Ivlve inodifyiiAg thre package ,.onfiguration to
; n hieve usrefcI 'a ner; dlylam Ia ,S ;:-.vay, quasi -vertic a I it .- ) Io , etc

C [.)e rr1i e oy c t) ;a I ope rat i ons i tests > a p r jot eyp Io n Y i • ra i S S A53 ,

Y it ?IC 1e~ p~I 3r II AS e. A vxtw'e f ii s f c r ii ~s)1 o a. i d (-4,v e' ra g e

A . )c z.a3' of 0'7 4i, efftIrI Wvould Involve" f.-_!sting the s yý-1 cii vwiffth e

41 va - "us foca, le rgths. "l'Liii sub-.task ( uld he l-ue iix l 1e1&x nted Iy
Ji i ent ee I t oi one flight t, another, by the ulse of a• Ie-rs tu"'cet

ir' tf,.~ , l.U,, oa )L. tfiy u110 ý)I ai zoo()I-I

De ter!n I 3k i • •t ,ra i t , ý , tfl e i -,R trar',S"'I I <in 3 0;' I .-Je i Pý Vo)-t6

S ', v 0 P .3.. t 'i," t o ~' the - rL" c ," the

r 304 f. ivc 4 ''. i ' Io 01u \ LII 1 .41 3'-f n -' I tfni
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All of the technology now exist! tbo demonstrate launch survivability of a
C(.D camera-transemitter assembly, Such an aesembly could be built now
with the C.CD.201, the 100 by 100 element array. The operational capa-
bility of vuch a camera would, however, be somewhat limited. A better
sensor ch~o~ce id the CCAID-244A, the 244 by 190 element array, which is
now in tVe early stages of fabrication. The CCAID-244A will have excellent
sensi•ivity and covtrage that approaches that of the C(GA -488A. Since the
availability of the CCAID-488A is s0.ll quite a way, off, configuring the demon-
stration equipment around this device would cause a conwi.derable delay in
the development program. Cmoisequently, the recornmer.md follow-on pro-
gram proposes the use ol the CCAE-244A.

3.5. Pronnsed .ollow-OnProg

The tauki to be c.cconplipshed in the proposed follow-on prog', ,m are des-
cribed below:

1. DD1 sign and fabricate ten to twelve CCD) camera mod~lui, employ-
ing the CCAID-244A, configured for the 155 ram M485 illurninating
proj ectile.

Z. Desigrn and fabricate ten to twelve RF transmitter modules, con-
figured for the M485 round.

3. Design and fabricate ten to twelve power supply modules, configured
for the M485 round.

4, Carry out a packaging design effort involving the following acdivities:

a. Overall packaging of the CCD camera, RF transmitter and
power supply modules.

b. Development of a module interconnect techn *ue.

c, Developniert of construction techniques that will enable the
eqkiipnrent to withstand the 12,000 to 20, 000 G's of force occur-
rung at launch.

5, Perform envi-onrnental test programn includik.g air gan tests.

t6, Perf, rm- non -operating actual firings.

7, ýPerfo r i n rabn g r•,g t(5t8.

pt, jeir Oniivepg e gn)'<,Nw;.< station equipniý;.rt,

,ovez-6~~~~~~~~~~~~~~~ gat rxrcue!tb 4' o ltsr' r-l111zioi

o'r d Ut' d vA ;ý.Lt IX 4)_ II~e S I a li I(ý0 t rO~ghtI U t .f..g.V...~



PAI~A.LELTqA "RE - RGISTER CHARC E-CCUFIPLED IMAGING DEVICES

A. L, Solomniir
F.'iarchl (" .amra. cind Inaftrun-riett C-orporation

iiemearch and Development Laboratory
4001 Miranda Avenue

Palci) Alto. California - 9430.4

YNTJRODUCTION the dark. Further, when the output data rate is

One year ago a paper was presented to thscn different from the transfer rate, it in necessary to

ferruce that included a brief description of two zhcarge- provide an Additional buffer store. When this method

coupled imaging Itvices that had been developed at is tised for a rectitngular-area photoelement array, it
the Fairchild Semniconductor Research and Develop- is called 'framne transfer".

ment LAI: ratoiry. I These charge-couplei imaging

dievices are being prot-ucscd in sample quantities and An alternative design that avqidx theme problems;

aiie commercially available. This paper contains a is the parallel-triansfer-register which is shown con-

more detailed descriptiorl of theme devices and of a ceptually in Fik. I. The photoelernent array is form-

more ,ect-ntly developed image sensor.

The first produced charge-coupled sensor waw
the Ix 500 phutoelemeat CCD 101, which mnay be
employordc in slow-scan TV ur facsimile systeerts. . ,

The second product is the CCD 201, a 100 x 100pho~to-
element area-array, which may be used to detect4
moving images under low-light-level illumination.
The th rd and most recent device is the CCD 11l0; it
is a I x Z2;t photoelement linear array which should
find application in high -speedl optical character re-
cogniition systems. !.i co~mparison to other solid-stita,'
photusenaiiog Array's. these devices possess a higher

dynamic range by virtue of their low Poise rropertics,
They can, therefoy e, be used at relitlvely low illu-
,ni~nat.or. levels. This pr.iperiy is olctaine-d with little
loss in image q~uality becaose of the high efficiency A

obtained when, photosignal charge is transfer red from n
the photoelencent a rray to an n -:htp dder, or -prre

amplifier. Yig. I Gaie Fltte, d d cenai of a PiArallel-
I rAnsfer-Regilste r c.'Cf ) Iniage Sensor

A significanit portion ,f thiti paper is d, ,oted it,

a design property these chats g-( oupleni imagte sens yre ed beneath a- rel tirodc wbik h runs the length of the

PýISSCs cnI I niurni)n, This pripert VI intriloitep both rray anid is callerd the photcigator. Becaise the de.

toILIani, distirtiio-fze& iniAge riprodi. tikn nd] ir' ,L t, kit nmost < onvenieitt!y i~llroninatord at the to)p of the

""elm, APp~lo ttat A n~ri,, fr Ne ible ni-Irir A1 liptra- silicon subst rate or front- side, the photogate elec -

tion. PIe design pi'i-pirty 4a thle isi. :if separate triidt tondiett (of a film of pA yc7y sial line silicon that

pholosensoroi ad signal-tranifer e,-iirnets. lhe big is thin enotigh to transrit,, -isible radiation. fher in-,

tiAl charge io transferreId toi the deetr-ran~ir dividuai a~it~lnet r, defined or electrically

by a ,ltarge-cioripled tle~io e (C( 11) aoalow shift re- isolated by a ,h.Annel stop, This nmay be form-ed in the

gifftri whit j'i is locrated f-arei el tot I. givot-ri ILin,ar tAoe of an n-fifdoinrI devt,' e boy a nrrrow p.-type

pnot-It~lrmnt At ray. levion in the miliiton tiobst rate. Charge 5tAckets geni-

erated b. light under the 10(thitgAte alre transfer ted in

tASIl( I !Nt: I IONA 1, DESIG;N Ht tlt1, 1A 10N', p)ArAllel t(I %Ile ilial (-nt ( CI) 10hift rrgitter' which i.0
cipaque. I het pat ketst Are then ste-pped or (toc(keti to

Thle bi-ii~t iincin-ttn -I (A) image at-ns~or are- thle i-iti tor--jiriflit-, In tile . Abe fAit at, ara se-

bo,.iteO aiii %t,rr pt-to-k gettriatei t hirgt- Zi An 0'i. whi !. -set -4 'liat-, o-,f ph .4,-clellrutsthtits

Arrady Atf 0*eIplo-I~k1I !e ? lii It tetii~l v-IleH that art- ieii hsbe aet terolne tlansfer.ý
1,,rtcinl by An MOS-typie iAo)ýli itot 1 ,Zl It transfer the

signtAl tr ott .i ýth -rlnierrt in thle l! t. Al`ri a Aithio lI) it i. appl rt t t by ae atg the tw,
in the t.rr ' 4 poAi itt ,I t.tytt iif. Ii ito ti -A. d Ar bla i t( ( 1) *.'risi 1ilth ti-lt the pr,hletnis it the trAmie
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for doos not require a burffer store. It will be seen When all factors are takea into consideration, the re-

subsoquently that the inter Line -t.a&nsfe r has other lative signaIi for the interline transfer also renmainh
advantages. higher at high spatial frequency as shown in Fig. 3.

Another uilicon-.area usage aspect of the inter- .
lkne-transfer design, which becomes apparent in A:. A:1
Fig. 1. is that for at Z-phi%ýe CCD transfer registerD14
two electrodes are required for each photoclement in all
the adjacent column. This difficulty is solved by

transferring packets from every other phoioelement
in a column in one field of'information. which isI
stepped to the amplifier; the second field of infor-
mnationi is then transierred and stepped. The two
fic ids are interlaced at the display. 0 RA

ADVANTAGES OF THE PARALL.EL- TRANSFER- a
REGISTER DESIGN 0

A summary of those advantages of the parallel- r

transfer- register d .rsign over a serial-tiransfer
th rough-the -photoelement -array design, which have p

becn diccuss-ed, is as follows: ý

NORtAUIED SPATIAL FRECUENCY
Is Smearing of the sensed in-age is IN THE OBJCT PI.AD

avidd.Fig. 3 Relative Response vs. Spatial Frequency

a High sipeed transfer in excess of for Frame and Interline Transfer From

the line data rate, is not required. Barbe & White, CCD Applications Con-
ference Proceedings

is ThcrL it) no need for a sepairate A more recent analybis in our laboratory in-
buffer store to c-onvert the ouitput dicates that the MTF is expected to be high at high

data ate, patial freque ncy for both linear and area arrays

eOverall sii.jarea is ainserved. when *he video information is read c-it in two or more

fields. 3 This analysis relates to the influence of

In Addition to these ý. vantagrs are two that i - chatrge-trAnsfer ineffictent ', on the degradation of

mutt in t le-% distorted image ior high spatial fre- MTF. M4YI A25 A triCtion of spatial frequency %ith

(goentsy informiation. One o! 1hetir ham been des- tranisfer ineffi.ieric'f as a parameter for a single -

irib.Ad by D). F. Barbe And M. ft. White, Z An inter- field readout of a lin.-ar array is shown in Fig. 4;

line-,transfer design ts c orripared to A frantie..trans-
Ic r det igw, where 0%r photoe'lcmryiet a rea, which in-

lode s the inte ccleincont tipaile rvgions. is the samre. '-

Their analysais point$ out that the Ioterline -transfer w
design ptossesses An opti:al samipling Aperture which N )

is Approximately o~ne-hAll thait of the frarre transafer. Z V

1his pro-perty resoits in a nodulAtiion-transfer- I""

himi ?ioril (M I F) t 1hat dot-s riot circ re.ter INS 111i1( h At -- '

higher jpatiAl freulien( y ,m as niwn is; 1
1
ig- Z.I ,'

4N - I

IK 1 r -I - 11 f"

41Qt* lr.Vfg 1 M ~i i. So I ii)&i o-i i..'

N-I I- -ii Nj t,! I ~ Ii I t, o d pt , 5 vS i ts 1.5ý Ih Nil1 .I s
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Fig. 5 MTF Correction for Transfer Ineificiency for Fig. 7 Effect of toans MTF on Aliasing

a Two-Field Readout
for an "ideal' le.ns, w|-ich has an MTF of unity to

Here, however. MTF is plotced for the case of a Z- twice the Nyqtist limit (fN) of the CCD, and for k

phase parallel-transfer-reg:mter where the video in- "real" lenc, which has an MTF of 0, 5 Lt the Nyq(iist

formation is readout in two fields, as it was shown in limit.

Fig. I. It may be noted that a minimum MTF appears

at half the Nyquist limit rather than the lim-it The CCD 101 LLMEAR IMAGING DEVICE

MTF is replotted in Fig. 6 to take into account MTF

degradation, or Jecrease in reapunse, for an aperture The CCD 101 was the first commercially

with sque.re response at spacing 1. produced charge-coupled image device. It possesseb
A t00 photoelement linear array 0. 6 inch long and

. .I. 2 rnils wide. The parallel-tranifer-register de-

N-0 sign is shown Pchematically in Fig. 8.
~ I lTwo 3-phase, ZSO bit.

Ij

fIi

l~q, t i. Ml '~s. SPAtiA; Vrepeoiy tir a lW11-itlei 41

R. ad - I mL-

(,n,n derabtie ,t. 1, ,5,on h *, At 1i•, 1 Irg rdl • ti- L.I t[

appearani e of ahamiraýs in dis. rete auIIlCet arrays Lit U "l T

with t high rv.Apiinse at high spatial freqp en y. :

( t rrent q)r,,on ,t that the MNI- II r,- off 1,,r 1,iii5 -

18CC Iv , arler~s , Ur by designl be 1 6edi toI~~; 'gs

haba ing to A g4re•t exketC. IhI.i r•tAy bf tsr-in k" fi1.

.,hee- the fitte, ý( lentns t41 i- n amia s in t s tt t',t
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&nalog CCD shift registers are located on either side Although these devices are classed to guar-
of the photoelement array. For an output hit rate of antee a dynamic range of 200:1, some have shown
I MHz photoelectrons are generated and ittored for a dynamnic range well in excess of 1000:1, as may
0. 5 millisec tinder the photogate. Within 20 micro- be seen in Fig. 11.
sec the photoelectrons are clocked by transfer gates
to the two parallel shift registers. Charge packets
from the odd-numbered photoelements are moved to
the right register; packets from evren-.numbered to
the left. The packets are then transferred at a
500KHz clock rate to a Z-bit output register where
they are interlaced and appear in photoelement order
at the detector-preamplifier. This on-chip device con-
sists of a collector diode, a reset MOS transistor and
an output MOS transistor.

The chip is shown in Fig. 9 with a magnified
section of the photoelement and the shift register.

Ai.I C 0 mg

Fig. 11th This 101o Iattest tehg hre

transfer efficiency and low noi se properties that
cAn be obtained.

CCD 1) .0 AREIA IMAGING; DEIAiCE

} rg. 1 (-(') 101 Chip I he C.CL ?0I1woorsasea a 100 X :00 array of

2.. Z u fili 0. ki niijhte.,onR As ahtwwn tot he-

The set pentinu r haiunel stupI, výhi~ h r.,)I~tra the Ithoh> 9114.t 4Hy ki t W I pjirilI. trannf~:r iegibters-

riemnents ýsn be seen ,tearly, 'Ihe .hip is 4tosenibled

in a 2.4-Iead A'ual in-line package with a 1r~iP il k mu)l

g~lass windfiw, as shiownu in Fig. 10.

1; ~~~~~ ~r : g.0Pkaed-D1 v



are located between columns of photoelernnnts.
Several changes of the CCD !01 linear-array design
have been made to conserve space. The regiaters
:re Z-phase with implanted barriers rather than 3-

phase, and there is one regioter for each column of
photoolemenets rather than two. The principle of
using two interlaced fields of infcrmatlon is, how-

ever, retained. In one field every other element in
acoliamn of photosonsore is tvansferred Itn a vertical

register and is stepped line-by- line to it horizontAl
collector registei. Information in the collector is
then clocked to the gated-charge integrator on-chip
preampllifier. The process is then repeated for the
second field of alternate photoelemrents.

The silicon chip, as shown In Fig. 13, with 4F

Fig. 14 CCD' 201 Images

CCD 110 LINEAR IMAGING DEVICE

The CCD '.10 is a 256 linear 0. 5 mil x 0. 9 mui
photoe lenient -a rray imiaging device that Is designed
Wo operate At All 01tput bit I'LiC Of 10 MH-l. The1ý

functional organiza.tion of the device is similar to
the CCD 101, 4& It may be seen in Fig. IS. Again.

Figj. I I CD Z01 Chiv

boodIo~g parCIS 1s Afp`rOX1rtvatly ltd( Mils X 190) rIV.lC"
Two (Ithe;- sigoihiant rlitteren,-eo in dles.ig troji, the

hao-1 stop to ciiiphoyed iather thaii the aerpeniitr.. oi

,A trAiist-r -tAte less strou t~ire, whI(t lhs tIWeeol

dies, .I-0- prrv~i-,oly, to em loe i.. ous e Iý tha &i

04, 1~ , - At,

IIn"

ýa~e At 0 fr IIII el , 6i ýWaffimVV)
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Swo pari.Ill, -transfer registers are employed. Li- It may be seen that the field-aided force change more
stead of a Z-bit output register, each transfer regis- rapidly with cell spacing than diffusion and it pre-
ter has two additional 5its which channel the signal dominates at low cell spacing. An approximation of
charge to an output gate, where odd-even photo- relative bit-rate capability can be tmade by considera-
element information is interlaced and is then fed to tion of the field-aided constant (• T ) for the two
the gated charge integrator. It may also be readily devices. The spacing is 0.8 mils for the CCD 101
noted that 2-phase reCiXs.exs Are utea. and 0. 5 mils for the CCD 110. For this data T FA

is found to be 70 nsec for the CCD 101 and 3 nsec

The order of magnitude increase in bit-rate for the CCD I10.
capability of the CCD 110 over the CCD 101 for
comparable charge-transfer efficiency is derived CONCLUSIONS
mainly from the difference in the center-to-center

spacing (W) of the transfer-register cells. For a The advantages of a charge-coupled image-
comparison of the two devices, it is convenient to device design that employs charge-coipled analog
define a charge-transfer time constant ( T ) as a shift registers, which are separate from the photo-
function of W. The definition of -r is complicated element array, to transfer charge packets from the
because there are three parallel processes that photoelements to an on-chip detector-preamplifier
go-iern charge transfer: drift, diffusion and gate- have been discussed. These advantages mainly re-
fringe-field or field-aided forces. At low charge suit in relatively distortion-less image reproduction.

densities diffusion and field-aided are the more
significant. The time constants for these processes The separate transfer -egisters are located
for a buried-channel charge-coupled device are parallel to linear arrays or sub-arrays of photo-
plotted as a function of cell spacing in Fig. 16. elements in three charge-coupled imaging devices:

the CCD 101. a 500 photoelement linear array, the

W irils) CCD 201, a 100 x 100 photoelenment area array, and
02 0• !0 0 the CCD I1t0, a Z56 photoelement linear array,

which possesses a 10 MHz output bit rate and highI-- charge-transfer efficAency.
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